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ABSTRACT 
 
The mechanisms by which epithelial progenitor cells integrate local signals to balance 
proliferation with differentiation and regulate patterning during lung organogenesis are 
still poorly understood. The Hippo pathway and its transcription co-activator Yap have 
recently emerged as major regulators of progenitor cell expansion and differentiation in 
development and cancer. Here we investigated the role of Yap signaling in the cellular 
and molecular events associated with lung epithelial morphogenesis and differentiation. 
We provide evidence that when airway epithelial tubules are forming and branching, a 
nuclear to cytoplasmic shift of Yap marks the boundary between the progenitors of the 
distal lung and the airway compartment. At this transition zone, Yap specifies a 
transcriptional program that controls the expression of Sox2, restricting distal gene 
expression and initiating an airway progenitor cell program key to generate the airway 
epithelium and its branched tubular structures. In Yap deficient mice, epithelial 
progenitors are unable to properly respond to local Tgf beta-induced cues to control 
levels and distribution of Sox2, resulting in expansion of the distal epithelial 
compartment and inability to form airways. Moreover, we show that Yap levels and 
phosphorylation status play a major role in regulating differentiation of airway 
  ix 
progenitors later in development and in adult life. Analysis of YAP-interacting partners 
in adult airway progenitors by Mass Spectroscopy suggests phosphorylated Yap 
interactions with ciliome proteins. Our study reveals a crucial role for Yap in 
specification and differentiation of airway progenitors likely to be also relevant in 
regeneration-repair of the adult airway epithelium. 
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CHAPTER ONE 
The Hippo Pathway 
Identification of Components  
The Hippo pathway has emerged as a major regulator of development, controlling 
organ size by balancing stem cell proliferation and differentiation.  The discovery of this 
pathway began through screening somatic mutations in Drosophila to identify genes that 
control cell proliferation.   What was identified was a pathway capable of regulating 
organ size through controlling the proliferation and differentiation of stem cell 
compartments.  Components of this newly discovered pathway have recently been 
identified in modifying the classical developmental pathways, making the discovery of 
the Hippo pathway important to our better understanding of embryonic development, 
health and disease.  
The first member of the Hippo pathway identified was Warts (Wrts), a member of 
the Nuclear Dbf-2 related (NDR) kinases family.  Homozygous loss of Wrts leads to 
unregulated epithelia cell growth and differentiation (Watson, 1995).  Further studies 
with Wrts, including Wrts conditionally deletion in the epithelial cells of the wing, clearly 
identified a role in epithelial architecture.  Wrts deficiency produced an apical 
hypertrophy phenotype with expanded apical cell surfaces at the cost of the basal lateral 
regions of the cells (Justice et al., 1995).  Other genes identified by random genetic 
mutation screens with similar apical hypertrophy-like phenotypes were identified and 
likely to be components of the same pathway including:  Hippo (Hpo) the with 
mammalian ortholog Mammalian Sterile 20-like kinases (MST1/2) (Harvey et al., 2003), 
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Salvador (Sav) the mammalian ortholog hSav1(Tapon et al., 2002), and Mob the 
mammalian ortholog Mats (He et al., 2005). 
 To confirm the interactions of these components, as well as to identify 
downstream effector molecules, Duoia Pan and collaborators preformed a Drosophila 
Wrts yeast-two hybrid screen.  This group identified a non-DNA binding transcriptional 
co-activator Yki, ortholog of the mammalian Yes-Associated Protein (Yap), as capable of 
binding to Wrts.  Loss of function studies of Yki resulted in cell growth arrest, while 
overexpression of Yki phenocopied the Hpo and Wrts knockout.  Interestingly, when Yki 
mutations are combined with Hpo or Wrts mutations, cells grew just as poorly as the Yki 
single mutant suggesting Yki was the effector molecule. Biochemical studies have proven 
that Wrts can phosphorylate Yki and alter the transcriptional output of a cell in an 
Hpo/Sav-dependent fashion.  Together, this work identified a novel pathway, involved in 
cell proliferation, consisting of a core of kinases (Hpo, Wrts) which regulated the 
function of effector molecule Yki (Huang et al., 2005).  In the mammalian system, Yki 
has two orthologs YES-Associated Protein (Yap) and Transcriptional co-activator with a 
PDZ binding motif (Taz). 
 To identify the upstream regulators of the Hippo pathway, fly geneticists also 
performed mosaic genetic screens trying to identify similar phenotypes.  Interestingly, 
Drosophila with mutations in the genes Merlin (Mer) the protein product of the 
Neurofibromatosis type-2 (NF2) gene, and Expanded displayed an epidermal outgrowth 
reminiscent of the Hpo/Wrts mutants phenotypes (McCartney et al., 2000), (Badouel et 
al., 2009).  Merlin and Expanded are members of the Ezrin/Radixin/Moesin (ERM) 
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family of Ferm domain-containing proteins known to heterodimerize and localized near 
adherence junctions, linking transmembrane proteins to the actin cytoskeleton.   
 Still trying to elucidate the upstream activating mechanism, Drosophila screens 
identified a protocadherin Ft, or Fat in the mammalian systems, was identified through 
similar loss of function phenotype that appeared to restrict organ size throughout 
drosophila development.  This phenocopy of the Ex mutants, linked Ft to the hippo 
pathway, and the authors concluded that Ft, is the apical most point of the hippo pathway, 
capable of transmitting extracellular signals to the downstream components of the 
Sav/Wrts/Hpo pathway, which would ultimately repress Yki dependent gene transcription 
(Bennett and Harvey, 2006). 
Together these studies revealed a new tumor-suppressing pathway, which has the 
ability to ability to connect signals from adherence junctions and cytoskeletal 
components to proliferation regulation.  This suggests a possible role in transmitting 
information about the surrounding environment to the cell.   
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Illustration 1:  The Hippo Pathway Components 
Cartoon depiction of the active and inactive Hippo pathway in both Drosophila 
as well as mammals.     
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Hippo in the Mammalian Systems 
The importance of these molecules can be demonstrated through developmental 
studies of genetic knockout in mice.  Some Taz deficient mice live a few months post 
birth, but die from pulmonary insufficiency and kidney problems phenotypically similar 
to a polycystic kidney disease (Mitani et al., 2009).  Early losses of function studies of 
hSav1, Mst1/Mst2, Large Tumor Suppressor (Lats1/Lats2) mammalian ortholog of Wrts, 
and Yap all display embryonic or perinatal lethality.  Yap deficient mice show an 
embryonic lethal phenotype around day E8.  The Yap null embryo shows multiple 
structure defects including decreased vasculogenesis in the yolk sac and decreased 
embryonic elongation.  Also, the Yap deficient animals have decreased morphological 
markers of differentiation, appearing more cystic and smaller in size.  This early lethality 
precludes Yap organ functions studies many endodermal tissues as the lethality occurs 
before the specification of early progenitors of the lung, liver, and gut.      
  The majority of Taz deficient animals die during the embryonic stage, while few 
escapers survive into adulthood.  Defects are observable within kidney and lung. 
Developmentally, there are no observable changes in the expression pattern and function 
of many lung specific marker, instead, only Connective Tissue Growth Factor (Ctgf) was 
identified as reduced beginning around Embryonic Day 18.5 (E18.5) and continuing 
through adulthood.  After nine months, Taz deficient animals show enlarged air spaces 
resembling emphysema.  Consistent with the emphysematous like lung phenotype, many 
inflammatory cells were found in the bronchiolar lavage fluid indicative of a chronic 
inflammatory situation.  The Kurihara group proclaimed Taz as being critical for normal 
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alveolization in mice through its interactions with Thyroid Transcription Factor 1 
(Nkx2.1/Ttf-1), revealing how Taz increased the expression of Ctgf in a Transforming 
Growth Factor Beta (Tgf independent manor, but defining a Taz response element in 
the upstream of the Ctgf promoter.  The alterations in matrix specific growth factors 
support the role of Taz in pathogenesis of emphysema (Mitani et al., 2009). 
 Due to the early lethality of the systemic knockouts of the Hippo pathway 
components, experiments were designed using conditional knockouts.  Most group 
accomplished conditional deflection of a specific gene by inserting Flanking LoxP (Flox) 
sequences important regulatory element of the gene of interest.  This in combination with 
promoter driven tissue specific expression of Cre-Recombinase would create a genetic 
recombination effect deleting the genetic material between the Flox sites and thereby 
blocking the expression of the target gene.  In developmental biological studies, a 
commonly used tissue specific promoter to drive Cre is the Sonic Hedgehog (Shh) 
promoter.  This promoter is active in the early foregut endoderm. 
 Conditional knockout of Mst1/Mst2, using the sonic hedgehog promoter driving 
Cre-recombinase (Shh-Cre) in Mst1/Mst-Floxed mice, created a significant lung 
phenotype yet.  Mice with the lung epithelium specific loss of Mst1/Mst2 die to 
respiratory distress syndrome (RDS) during the perinatal period.  Lung development was 
indistinguishable between knockout and control through E17.5.  After birth, a reduction 
in the production of surfactant proteins was identified as the air spaces decreased.  The 
authors proclaim Yap as not mediating this phenotype, instead the stability of FoxA2, 
known to regulate the development of the distal lung through transcription of distal lung 
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markers.  Mst1/Mst2 where shown to phosphorylated FoxA2, thereby increasing its 
stability and up-regulating transcription of FoxA2 regulated genes (Chung et al., 2013).   
Taz deficient embryos show a reduced life span with some animals dying 
perinatal and other escapers able to live for a nine months post birth. During 
development, there are no observable changes.   In the lung, patterning and distribution of 
the many cell phenotypes appear normal.  Instead, only Ctgf identified as reduced 
beginning around E18.5 and continuing through adulthood.  Taz deficient escaper mice 
live a few months post birth, but die from pulmonary insufficiency and kidney problems 
phenotypically similar to a polycystic kidney disease (Mitani et al., 2009).  After nine 
months, Taz deficient animals show enlarged air spaces resembling emphysema.  
Consistent with the emphysematous like lung phenotype, many inflammatory cells were 
found in the bronchiolar lavage fluid indicative of a chronic inflammatory situation.  The 
Kurihara group proclaimed Taz as being critical for normal alveolization in mice through 
its interactions with Nkx2.1, revealing how Taz increased the expression of CTGF in a 
Tgf independent manor, by defining a Taz response element in the upstream of the 
CTGF promoter.  The alterations in matrix specific growth factors support the role of Taz 
in pathogenesis of emphysema (Mitani et al., 2009).  
 In the colonic epithelium, extensive studies have been accomplished which 
demonstrate the function of the Yap alleles.  Here Yap overexpression demonstrated an 
ability to expand the progenitor compartment, while decreasing the number of 
differentiated cells (Camargo et al., 2007).  Mst1/2 were also studied in the colonic 
context, concluding that Mst1/2 was critical in restraining the progenitor cell 
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compartment proliferation and thus inducing for differentiation (Zhou et al., 2011).  
Further work, identified confirmed the interaction between disheveled (Dvl) and Yap in 
fine tuning the Wnt pathway defining the counterbalance between proliferation and 
differentiation (Barry et al., 2013; Varelas et al., 2010) 
 In summary, the Hippo pathway was identified through a non-biased approach 
screening for genes that regulate cell proliferation.  Instead of finding a simple tumor 
suppressor or oncogene, an entire pathway was identified.  This pathway has been shown 
to regulate the proliferation of the stem cell compartment and balance differentiation 
through complex interactions with the classily defined developmental pathways Wnt and 
Smad.  With its early lethal phenotype, understanding organ specific function has been 
difficult, but with the use of tissue specific knockout through genetic recombination, new 
studies have emerged defining context specific functions of the Hippo Pathway. 
Function of Taz/Yap 
The function of Taz and Yap is dependent upon their subcellular localization.  
Controlling the nuclear or cytoplasmic compartmentalization of the cell Taz and Yap are 
is regulated phosphorylation by Lats1/2 at the consensus sequence HxRxxS (Bin Zhao et 
al., 2007).  When the Hippo pathway is inactive, Taz and Yap are unphosphorylated and 
localize to the nucleus and function as a transcriptional co-activator inducing the 
transcription of many genes related to cell proliferation and a stem-like state.  With the 
activation of the Hippo pathway, Mst1/2 phosphorylates Lats1/2 which intern 
phosphorylates Taz/Yap.  For example, when Yap proteins become phosphorylated at 
Ser127 (human YAP) or Ser121 (mouse Yap), 14-3-3 proteins bind the phosphorylated 
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residue and block entry into the nucleus.  Lats1/2 phosphorylation at Ser381 also creates 
a binding site for Casein kinase 1 (Ck1) and subsequent phosphorylation at a c-terminal 
phosphodegron leading to degradation of Yap through ubiquitin proteasome pathway 
(Zhao et al., 2010). 
Classically, Taz and Yap have been defined as a transcriptional co-activator, 
meaning these proteins do not directly induce gene transcription, yet rely on adaptor 
proteins and secondary molecules to activate transcription.  The transcriptional output of 
Yap and Taz has multiple levels of complexity yet all rely on a Taz/Yap WW-domain 
interacting with a PPxY domain of the DNA bound transcription regulating factors.  
Taz/Yap have been shown to bind to the wildly expressed TEA-Domain (TEAD) 
containing family of transcription factors, which consists of 4 different family members 
(Vassilev et al., 2001).  Although the different Tead members are preferentially expressed 
in in the select tissue types and developmental stages, at least one isoform is present in 
every mouse adult tissue(Cao et al., 2008).  Moreover, Taz/Yap bind to other families of 
transcription regulating factors including the Runx2 (Zaidi et al., 2004), Smad2/3 
(Varelas et al., 2008), Nkx2.1/Ttf1 (Park, 2004) and many others.  One direct gene target 
induced by nuclear Taz and Yap is Ctgf.  The E3 ubiquitin-protein ligase Inhibitor of 
apoptosis 1 (Diap1) and Cyclin E have also been identified as direct targets of Taz/Yap 
transcriptional influence, as mRNA for Diap1 and Cyclin E is elevated in Drosophila 
embryos with increased nuclear Yki induced through mutation (Hamaratoglu et al., 
2006).  
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Taz/Yap has also been shown to have significant functions while sequestered in 
the cytoplasm.  Recently, Taz/Yap has been shown to regulate Disheveled (Dvl) through 
binding and preventing Dvl from entering nucleus.  Taz/Yap has also been linked to the 
Wnt pathway through -catenin binding to cadherin complexes, which mediate cell-to-
cell contact information into the cell.  Interestingly, Taz impacts the Transforming 
Growth Factor beta (Tgf) pathway.  Smad2/3 have been described as binding to Taz in 
the cytoplasm and then being shuttled, in a Taz dependent manor, into the nucleus to 
initiate Tgf-b Smad dependent transcription (Varelas et al., 2008).  Together, it appears 
that the Hippo pathway might be a fine-tuning mechanism of both the Wnt and Tgf 
pathways.  
Interestingly, the Hippo pathway has also been linked to epithelial cell 
architecture by regulation of cell polarity.  Recently Hpo and Sav1 were identified as 
binding with the polarity related kinase Par-1.  Though the upstream trigger has yet to be 
identified, the authors suggest that Par-1 directly phosphorylates Hpo, at Ser30, which 
leads to decreased Hpo activity and therefore Yki induced cell proliferation (Huang et al., 
2013).  Other connections between Hippo pathway and polarity have been based around 
the actin cytoskeleton and Rho-GTPase, which inhibits Lats1/2 and leads to nuclear 
localization of Taz/Yap and gene expression (Mo et al., 2012).  Recently, a new report is 
suggesting a Par1 sufficient, regulation of Yap which is independent of Lats 
phosphorylation (Huang et al., 2013).   
Congruent with the role in apical-basal polarity, Taz/Yap have been shown to 
regulate cilia formation.  Primary cilia are sensory organelles that extend from the apical 
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surface of most mammalian epithelial cells capable of sensing mechanical and bio-
reactive signals.  Many major developmental signal pathways are connected to the 
primary cilia including sonic hedgehog (Shh) and Wnt pathways (Rohatgi et al., 2007) 
(Lancaster et al., 2011). The Shh- signaling is concentrated the primary cilia and has been 
shown by the localization of Gli, or Shh-induced transcription factors, family of proteins 
to the primary cilia.  Primary cilia have also been shown to induce the phosphorylation of 
Dvl, and thereby inhibit Wnt signaling (Wallingford and Mitchell, 2011).   
The connection between the Hippo pathway and ciliogenesis was first identified 
in Taz deficient mice.  These mice have polycystic kidneys and die from severe renal 
failure.    Phenotypic analysis of the renal epithelium identified a reduced number and 
size of the primary cilia, leading to the formation of multiple cysts, similar to the human 
pathology polycystic kidney disease (PKD).Taz deficiency leads to an overexpression of 
Polycystin-2 (Pc2), a molecule necessary for the mechanosensory function of the primary 
cilium.  Taz functions as an adapter protein for recruitment of Skp, Cullin, F-Box (SCF) 
family of E3 ligase, which modulated the amount of Pc2 localized at the cilium.  Without 
Taz, Pc2 levels increase and disrupt cilia formation thereby inhibiting the renal 
epithelium from sensing the flow rate in the tubules, leading to hyper proliferation and 
cyst formation in the kidney (Mitani et al., 2009).   
A role for Lats in ciliogenesis has been shown by Nephronophthisis4 (NPHP4) 
interactions.  NPHP4, a molecule discovered through genome wide association studies 
(GWAS) from patients with Nephronophthisis.  Biochemical studies have shown NPHP4 
resides in the base of the cilia known as transitional zone identified, can alter the amount 
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of available Lats1/2, and thereby increase the unphosphorylated nuclear pool of Yap/Taz 
(Habbig et al., 2011).  
The Mammalian Lung  
The lung is a highly complex organ that carries out gas exchange, a process that 
maintains proper oxygen levels in the blood and is necessary for the survival of all 
mammalian life.  The functional gas exchanged structure of the lung is the alveoli, which 
is connected to a branched conducting airway lined by functionally distinct populations 
of epithelial cells.  The epithelial cells of the conducting airways are supported by a 
connective tissue layer and an innervated smooth muscle layer which control the flow of 
gas in the lung by regulating airway diameter (Kumar et al., 2009). Proper development 
and regeneration of the epithelial layer post injury is essential for the long-term health 
and survival of all mammals.  
 The conducting airway epithelium functions as a barrier protecting the lung 
against environmental agents through secretion of products critical for 
immunomodulation and homeostasis and through mucociliary clearance. These functions 
rely on a well-balanced mixture of differentiated cellular phenotypes, mostly secretory 
and ciliated cells, which is established during the formation of the bronchial tree in the 
developing lung.   Pathologies arise by alterations in the distribution of these cells, such 
as an increase in the mucus-producing cells, one defining factor of Chronic Obstructive 
Pulmonary Disease (COPD).  Also, phenotypic changes in ciliated cells, such a defect in 
the cystic fibrosis transmembrane receptor (CFTR), can be the cause of Cystic Fibrosis 
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(CF), which affects over 30,000 Americans.  To date, very little is known about how the 
lung develops and maintains this patterned epithelial layer.   
 In spite of the recent advances in the field of lung biology and pulmonary 
medicine, the mechanisms that control epithelial growth, branching, and differentiation / 
patterning of the cellular phenotypes of the airway epithelium are still poorly understood. 
This problem is of high clinical importance as aberrant patterns of differentiation, 
originating during embryonic development or post injury, are hallmark features of lung 
disease such as primary cilia dyskinesia (PCD), COPD, CF, and asthma.  Lung cancer, 
the most common form of cancer diagnosis, is also associated with aberrant 
differentiation coupled with uncontrolled growth.  In Massachusetts alone, over 15 
percent of the population is suffering with asthma, COPD, or lung cancer.  Treatments for 
these diseases put a significant strain on health care system and are the direct cause of 
suffering for millions of people worldwide.  
 Currently, the understanding of the mechanisms controlling lung regeneration and 
repair lags behind many other organ systems.  Organs that undergo a consistent turnover 
of cells, such as the skin and the colon, are more amenable to identify the role of 
signaling pathways through studying the normal regeneration process.  The structure of 
the skin and colon also suggest a specific compartmentalization of the stem / progenitor 
cells, while in the lung cell turnover is a very slow process.  In fact, ciliated cells which 
line the airway epithelial layer have been shown to survive and function for greater than 
one year (Rawlins and Hogan, 2008) as compared to the daily turnover of the cells lining 
the epithelium of the colon (Creamer et al., 1961).   This requires researchers to induced 
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injury to the airway to activate the regenerative process.  Interestingly, even with multiple 
injury models, no one cell population has been identified as the progenitor, instead it 
appears that many, if not the majority cells, participate in proliferation and differentiation 
in response to lung injury. 
 Deletion of critical components of the signaling pathways has identified Wnt, 
Fibroblast Growth Factor (FGF) and Notch signaling as critical for the proper lung 
morphogenesis and balance of the cellular phenotypes in the lung (Min et al., 1998; 
Pongracz and Stockley, 2006; Tsao et al., 2009).  Studying the genetic mutants of the 
lung allows the researcher to understand the functional consequence of the loss of gene of 
interest function, but is does not allow for the nuanced interactions that are necessary for 
proper lung formation.  
Murine models have been powerful tools in dissecting the regulatory pathways, 
which govern lung development and airway epithelia differentiation but difficult to 
understand the fine-tuning of the signaling pathways.  Other in vivo techniques, such as 
injury models and ex vivo primary cell cultures have been developed to help define the 
regenerative processes.  Understanding the basics of developmental biology is critical to 
advancing disease identification and treatment of disease and has opened the door for 
promising research stem cell biology. 
Lung Specification and Branching Morphogenesis  
 The development of the murine lung begins around the embryonic day 9.5 (E9.5), 
and can be identified by two primary buds that extend out of the ventral wall of the 
anterior foregut endoderm.  To date, Nkx2.1, also known as Ttf-1, is the earliest known 
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marker of lung epithelial cell fate.  Animals deficient in Nkx2-1 form lungs but are 
severely hypoplastic sacuoles with a defect in airway morphogenesis and die post birth 
due to respiratory insufficiency (Kimura et al., 1999).  Cellular differentiation of the 
presumptive lung growth of Nkx2-1 deficient mice also appears severely disrupted, with 
the majority of cells locked in an undifferentiated columnar epithelial state.  Few 
scattered ciliated cells can be found lining the epithelial layers, but most cells do not have 
a distinct lung phenotype (Kimura et al., 1999). 
During the pseudoglandular phase, when the lung has been specified and is 
expanding, the airway epithelium undergoes the process of branching morphogenesis.  
There are three distinct modes of branching that occur at different developmental time 
points.  First, domain branching occurs just after primary bud extension and are new buds 
that grow at specific intervals along the length of the airway and extend into the dorsal 
and ventral region of the developing embryo (Metzger et al., 2008).  Planar and 
orthogonal bifurcations create two new daughter buds that arise from a splitting of the 
distal most region of the airway tree.  In the planar branching scheme each bud splits into 
two new buds yet the daughter buds remain on the same plane as the parental.  
Conversely, the orthogonal bifurcation mode of branching, the newly formed daughter 
buds growth direction is rotated by 90 degrees (Metzger et al., 2008).  As branching 
continues, the distal buds go through repeated phases of outgrowth, elongation of the tip 
followed by branch initiation through specific domain location or bifurcation. The 
process is genetically encoded, and can be associated the expression of the primary 
transcription (mRNA) of Fgf10.  
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The process of branching morphogenesis is regulated by multiple signaling 
pathways including: Fgf, Wnt and Tgf-b.  Fgf10 was identified as critical for lung 
organogenesis through Fgf10 genetic knockouts that lead to lung agenesis.  Fgf10 was 
later shown to signal from the mesenchyme to the epithelium to initiate growth of the 
primary lung bud epithelium.  Fgf10 stimulates outgrowths of the distal buds ex vivo 
demonstrated in distal lung bud cultures supplanted with recombinant Fgf10 where distal 
epithelium continue to grow and increase the number of buds (Bellusci et al., 1997).   
Later studies have shown that Fgf10 works as a chemotactic agent, directing the growth 
of the buds towards the Fgf10 source in the distal mesenchyme.  Together, Fgf10 has 
been shown as critical in maintain distal epithelial progenitor proliferation. 
Wnt2 and Wnt2b have been shown as necessary and sufficient to specify the 
endodermal progenitors to the lung lineage.  This was performed using an endodermal 
specific genetic knockout of both Wnt2 and Wnt2b, where the lung failed to specify or 
extend from the foregut.  The authors confirmed canonical Wnt signaling through a 
matching lung agenesis phenotype found with the genetic disruption of -Catenin. 
Ectopic activation of the canonical Wnt pathway in the stomach and esophagus endoderm 
leads to reprograming into the lung lineage.  Together, this data concludes Wnt 2/2b as a 
defining factor for lung organogenesis (Goss et al., 2009). 
While both Wnt and Fgf signals signaling to the distal bud epithelium, Tgf 
signals are acting on the pre-conducing airway epithelium and inducing differentiation 
into a Sry-Box 2 (Sox2) positive, conducting airway progenitor cells.  There are three 
Tgf isoforms and they have all been identified in the murine embryonic lungs but Tgf1 
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alone, is expressed in the mesenchyme, around the epithelial branching points suggesting 
a role in branching morphogenesis.  Tgf1 null mice develop normally, yet die after a 
month from aggressive pulmonary inflammation (Park, 2004).   
Proximal vs. Distal Airway  
During branching morphogenesis, the conducting airways and distal buds can be 
identified two nuclear makers Sox2 or Sry-box 9 (Sox9) respectively.  Sox9 function has 
been studied with both systemic and lung specific gene inactivation.  Initially it was 
believed that Sox9 would be critical for the expansion and differentiation of the distal 
airway epithelium, but Sox9 systemic knockout mice do not show a defect in branching 
morphogenesis, and lung epithelial specific deletion of Sox9 do not show a  lung 
phenotype (Perl et al., 2005).   
A different marker of the distal lung is Inhibitor of DNA binding 2 (Id2), overlays 
with a similar distal pattern as Sox9.  Id2 has been used in lineage tracing experiments 
that have concluded the distal lung bud is a site of self-renewing population of progenitor 
cells whose descendants exit the tip and give rise to all lung epithelial cell types.  Upon 
exit of the distal tip, these cells lose the Sox9/Id2 markers and begin to express 
conducting airway marker Sox2.  Interestingly, Id2+ lung progenitor cells maintain 
capacity to build the entire lung epithelium until E15.5.  At E15.5, the Id2 positive cells 
become lineage restricted and only populated that of the Type 1 and Type 2 cells in the 
gas exchange structures (Rawlins et al., 2009).   
  In the forming conducting airways, Sox2 has multiple roles regulating the proper 
development of lung.  The systemic loss of Sox2 creates an early lethality phenotype 
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which precludes the ability to study the overall function during lung formation (Chen et 
al., 2008).  Understanding of the role of Sox2 in the lung has come through conditional 
knockout in the developing endoderm using a Shh-Cre mouse for activating the 
recombination event.  When Sox2 is conditionally deleted in the developing airway 
epithelium, an abnormal differentiation of the tracheal epithelium occurs leading to an 
excess of mucus producing cells.  Also, interactions between the tracheal epithelium and 
the surround mesenchyme appear to be disrupted, as the rings of cartilage surrounding the 
trachea are disordered and noncontiguous.   The intrapulmonary airway of Sox2 deficient 
animals do form conducting airway tree, similar to that of  wild type, but also lack the 
normal distribution of ciliated and secretory cells (Que et al., 2009).  Large patches 
appear as squamous epithelium with few mucin-producing cells scattered into the 
airways. 
Overexpression of Sox2 in the conducting airways leads to a decreased number of 
conducting airway due to a process known as bronchiolization of the alveoli.  This 
process is described as overlap of bronchiolar cells filing into the alveolar space.  Also, 
the over activation of Sox2 in the lung leads to an increase in the distribution of basal and 
neuroendocrine cells found in the airways (Gontan et al., 2008).  
Airway Cell Fate Acquisition  
Ciliated Cells  
During the pseudoglandular phase of lung development, the airway epithelium 
begins to undergo differentiation into the cellular phenotypes that populate the adult lung.  
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Studies have identified Notch signaling in controlling the distribution of the ciliated and 
secretory cells lineage specification.  Genetic ablation of the Recombining Binding 
Protein Suppressor of Hairless-Kappa (Rbpj), the DNA binding cassette for the cleaved 
(active) Notch receptors, in the early lung epithelium, lead to airway populated entirely 
by ciliated and neuroendocrine cells.  This suggests that Notch signaling silences the 
ciliated cell fate program, so cells can continue to expand and differentiated into the 
secretory lineage. A slight expansion of the number of neuroendocrine bodies has been 
identified, and a possible increase in the number of basal cells (Tsao et al., 2009).  
 Cilia, not only in the lung epithelium, play a critical role in the developmental 
process of mammals.  There are two different forms of cilia in the mammalian system 
known as primary cilia, and motile cilia.  Primary cilia, are singular and have no 
molecular motors controlling their direction, yet are used as antennae like appendage that 
can sense the surrounding environment.  Receptors for developmental signals, such as 
Wnt and Shh, are physically located and concentrated on the primary cilium. 
Motile cilia can also be singular, or multiplied, depending on the needed function.  In the 
airway, each motile ciliated cell has hundreds of cilia that all beat in concert.  These 
beating cilia function as the motor of the mucociliary escalator, which clears the lung of 
inhaled debris, toxins, and pathogens.  It is still unclear to researchers how, in a non-
contiguous organization, the motile multiciliated cells of the airway beat in synchronous 
fashion enough to continually expel the secreted product of the lung. 
 Ciliogenesis is dependent upon a proper assembly of macromolecular complexes.  
In the airway, the acquisition of the ciliated cell phenotype is poorly understood.  It is 
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known to rely upon a multitude of transcriptional regulators including Multicilin (MCI), 
Forkhead Box Transcription Factor J1 (Foxj1) and the E2F family of transcription 
factors. 
 Recently, E2 transcription factor 4 (E2f4), a member of the E2f family of 
transcription factors, has been identified as a possible regulator of ciliogenesis.  Through 
systemic knockout of E2f4, mice were born with an absence of ciliated cells along the 
entire airway epithelium as well as from the submucosal glands in the paranasal sinuses.  
These changes were identified to arise during embryogenesis, yet did not appear to be 
specific for disrupting the ciliated cell fate, as markers for the Clara cell lineage was also 
reduced.  The molecular mechanism also remains unknown, but hypothesized as 
defective transcriptional regulation (Danielian et al., 2007).  
Multicilin (MCI) expression is the first known molecular event that commits a 
progenitor cell into the ciliated cell fate (Stubbs et al., 2012).  MCI is a well conserved 
protein that functions in all three germ layers to induce the exit of the cell cycle and 
induce the multiplication of the centrioles, a critical macromolecule that functions as the 
base or anchor of each cilium.  MCI expression is inversely correlated with Notch 
activity, and is critical for the duplication of the centrioles, which will become the basal 
body, which anchors each cilium to the cell body.  MCI has also been shown to directly 
activate the transcription Foxj1.   
The role of Foxj1 in ciliogenesis is demonstrated by the studies of the systemic 
knockout.  The study concluded that Foxj1 was critical for the docking of the basal bodes 
to the apical membrane of the cell through the transcription of Calpastatin, an inhibitor of 
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the protease Calpain 2.  Interestingly, Calpain2 plays a negative role in the establishment 
of the apical – basal orientation of the epithelial cells.  Calpain2 degrades Ezrin, a 
component of the FERM domain-containing complex.  Ezrin and Calpastatin function to 
regulate the stability of the cytoskeleton along the apical membrane, necessary for the 
stabilization and therefore docking of the basal body.  Amazingly, the use of a Calpain2 
inhibitor in Foxj1 null cells rescued the phenotype by allowing for the production of 
multiple cilia (Gomperts et al., 2004).  This data linked the docking of the basal body 
with the apical cytoskeleton. Interestingly, early-identified regulators of Taz/Yap, Mer, 
and Ex, both contain the FERM protein-protein interaction domains, suggesting a 
possible link between apical basal polarity, Taz/Yap regulation, and ciliogenesis.   
The microtubule scaffold of the cilia is extended by a series of molecular motors 
that carry cargo along the axoneme known as intraflagellar transport (IFT).  This form of 
transport is critical for the assembly and stability of the cilium, and relies on molecular 
motors capable of delivering cargo to the appropriate region of the cilium. Dynein motors 
are the molecular engines that carry cargo away from the cell body to the tip if the cilium, 
known as anterograde transport.  Retrograde transport, carried out by the kinesin family 
of molecular motors, carry cargo from the tip of the cilium back to the cell body(Piperno 
et al., 1996).   
The IFT system is guarded by a complex solubility based pore, very similar to the 
nuclear pore found on the nuclear envelope.  This pore system has a critical role in 
maintaining the proper protein distribution, not only along the microtubule axoneme, but 
also along the cell membrane encompassing the cilia itself.  Disruption of the ciliary gate 
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proteins, or in the molecular motors necessary for intraflagellar transport, have been 
implemented in ciliopathies (Fliegauf et al., 2007). 
Secretory Cells 
Secretory cells of the lung also perform many functions and are a morphologically 
heterogeneous.  Three distinct secretory cell phenotypes have been identified on the bases 
of molecular markers, yet with more detailed study, many new markers will likely appear 
and perhaps differentiate distinct phenotypes.  Notch signaling has been identified as 
critical for the specification of all secretory lineages (Tsao et al., 2009).  Ultrastructural 
analyses of conducting airways have identified subpopulations of Clara cells, for example 
the ones surrounding the neuroepithelial bodies (NEB), as having a distinct flattened 
phenotype.  Interestingly, these cells have a differential capacity to metabolize toxins. 
Studies of the mechanism of the Clara cell specification and role of notch signaling 
therein have been limited, mostly due to the lack of early markers for differentiation.   
The general Clara cell, molecularly phenotype as expressing Secretoglobin 1a1 
(Scgb1a1), also known as Clara Cell Secretory Protein (Ccsp/Cc10) are responsible for 
synthesizing the components of the airway lining fluid. The majority of Clara cells 
express the cytochrome detoxifying enzyme p450 enzyme (Cyp2f2), which clears the 
airways of toxins, yet there are also a subset of cells, termed variant Clara cells which 
lack Cyp2f2 and therefore are less susceptible to environmental toxins.  The Clara cell is 
also a facultative progenitor, capable of differentiating into ciliated / mucin cell 
phenotypes responding to airway injury. 
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Mucin producing Goblet cells differ from the Clara cell lineages with different 
secretory products as well as distinct physiological compartmentalization during 
homeostasis.  Goblet cells have been shown to express Mucin 5ac (Muc5ac) and the 
Forkhead box transcription fact a3 (Foxa3) (Chen et al., 2014).  In the mouse, few goblet 
cells exist normally, yet after infection, or allergy, the number of mucin producing goblet 
cells will increase dramatically.  This is similar to the human condition, which leads to 
over production of mucous to a viral or bacterial infection of the lung as well as an 
airway-exposed allergen.  Transdifferentiation of a Clara cell to a goblet cell has been 
demonstrated as proliferation independent, yet requires the transcription factor Spdef 
(Park et al., 2007).  
Lung Injury Models: 
Airway epithelial cells undergo a highly regulated process of regeneration post 
injury.  In lung diseases, these processes can be altered from influence from genomic 
alterations, cytokines, and / or mesenchymal growth factors leading to inappropriate 
differentiation and loss of epithelial function (Giangreco et al., 2009).  Mouse models 
systems have been derived as a way to assess the differentiation abilities of airway 
epithelial cells. 
In vivo injury studies have yielded substantial increase in our knowledge of the 
regeneration, and progenitor pools of the lung epithelial layer.  For instance, our 
understanding of a niche which house a small subset of progenitor cells, termed variant 
Clara cells, was identified through injury with Naphthalene.  Naphthalene, is a simple 
aromatic hydrocarbon, which when metabolized by the Cyp2f2 variant of the cytochrome 
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family, forms a toxic metabolite that effectively kills the cell.  In the airway epithelium 
all Clara cells, other than the variant Clara cells, express the Cyp2f2 cytochrome and 
therefore are sensitive to exposure to naphthalene.  After the intraperitoneal injection of 
Naphthalene, the Clara cells will die off and sloughs off from the epithelium.  At this 
point, the ciliated cells will undergo a morphological change, spreading to cover the basal 
lamina and a process of expansion will occur within the variant Clara cells.  These cells, 
based on lineage tagging, will repopulated the airway and even differentiate to form the 
Clara, ciliated cell lineages (Reynolds et al., 2000a). 
 Ex vivo techniques have also been developed that allow for the culture of primary 
airway progenitor cells readily accessible for gene manipulation and pharmacologic 
manipulation.  The Mouse Tracheal Epithelial Cultures (mTEC) on an air liquid interface 
(ALI) allows for the rapid expansion of primary mouse tracheal cells, and controlled 
differentiation from a basal cell into the ciliate and secretory lineages.  This culture 
system allows for the enrichment and expansion of the tracheal basal cell population in 
the mouse airway and subsequent differentiation into the ciliated and secretory lineages.  
This system allows for interpretations of gene function through shRNA administration 
and culture of gene specific deleted cell lines with phenotypic analysis and 
immunostaining by confocal imaging as well as through quantitative gene expression 
(qRT-PCR) (You et al., 2002). 
This dissertation looks to use tools that have been successful in identifying the 
major developmental pathways that coordinate lung airway epithelia formation during 
development and regeneration post injury to define the function of the Hippo pathway, 
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specifically the effector molecule Yap, in the lung. The experiments described in this 
dissertation focus on increasing our knowledge of the developmental process of the lung 
airway epithelium through defining the role of the Yap, a key effector of the Hippo 
pathway. 
The ability of the airway epithelium to protect the lung and modulate the immune 
response rely on a well-balanced mixture of differentiated cellular phenotypes, mostly 
secretory and ciliated cells, which is established during the formation of the bronchial 
tree in the developing lung.  Previous studies have implicated the Hippo pathway, 
specifically the transcriptional co-activator Yap, in regulating the number of progenitor 
cells as well as their differentiation in mammalian organ systems such as the colon and 
the skin. Also, recent Hippo literature has emerged linking Yap to ciliogenesis in 
different biological systems.   
 Our data indicate that Yap functions in progenitor populations by controlling 
differentiation and ciliogenesis. Chronic infection and or exposure to smoke alter lung 
barrier functions through cytotoxicity disrupting the balance of ciliated and secretory 
thereby decreasing mucociliary clearance. Exploring new mechanisms that regulate 
airway epithelia development will lead to new insights into the pathogenesis of 
ciliopathies and chronic respiratory diseases and thus, has significant translation 
potential.  
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CHAPTER TWO 
Characterize the ontogeny of Yap in the differentiation of the airway 
epithelium 
Rationale & Approach 
Currently, there are no publications describing the function or localization of Yap 
in either the developing lung or in adult lung tissue. Extensive literature has documented 
the importance of the Yap in regulating progenitor and stem cell populations  (Zhao et al., 
2011).  The goal of this chapter is to comprehensively analyze the developmental pattern 
of expression of Yap during lung development and regeneration post injury. By 
describing the overall temporal and spatial patterning of Yap expression relating to well-
characterized markers of differentiation of airway epithelial lineages, we will begin to 
understand the importance of Yap and the Hippo pathway in lung development.   
In situ hybridizations (ISH) and immunofluorescent staining (IF), coupled with 
confocal imaging were used to localize the expression of Yap mRNA and protein. Tissue 
was harvested from embryonic lungs of wild type control (CD1) mice at multiple 
developmental stages from early branching morphogenesis E10.5 through saculation at 
E18.5. To assess the localization of Yap during adult homeostasis and regeneration post 
injury, we have used an in vivo approach through naphthalene injury with histological 
sections representing phases of the regeneration post exposure to naphthalene. We have 
also used the mouse tracheal epithelial cell cultures grown on an air liquid interface (ALI) 
as an in vitro technique to assess the differentiation of adult progenitor cells. IF using 
multiple antibodies (IHC) labeling techniques and confocal analysis allowed us to 
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correlate Yap expression with the different cell types found in the lung alluding to its 
function during development and regeneration.  
Results 
Temporal and Spatial Expression Profile of Yap in Murine Lung Development 
First, we assessed the temporal and spatial expression patterns of Yap 
transcriptions in the developing lung.  For this we designed a 300 base pair probe specific 
for the 3’ untranslated region (3’UTR) of the Yap mRNA, as described in the materials 
and methods section.  In situ hybridization (ISH) was performed using the Yap probe on 
tissue sections from E14.5 to adulthood.  Analysis from the E14.5 Yap ISH demonstrated 
the mRNA of Yap as ubiquitously expressed in all layers of the lung, with no distinct 
proximal – distal pattern of distribution.  However, epithelial cells appeared to have a 
higher density of staining as compared to mesenchymal cells, supporting increased 
transcription in the epithelial compartment.  Similar pattern of expression was identified 
at E16.5, a decrease in staining intensity was observed from E18.5 onwards (Fig. 1A). 
We also performed immunohistochemical IHC labeling of with Yap specific 
antibodies from E10.5 to adult to assess Yap protein spatial and temporal expression 
dynamics during lung development.  Two antibodies were used as they showed the 
highest specificity and reproducibility.  One labeled Yap (Santa Cruz Biotechnology) 
independent of any post-translational modification (heretofore known as Yap staining) 
and one that labeled a specific pool of Yap phosphorylated at serine 127 (Cell Signaling 
Technologies) (Mohler et al., 1999) (heretofore known as pYap).   Co-staining embryonic 
lung sections for both Yap and pYap, a near perfect co-localization of the cytoplasmic 
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compartments could be identified, while only Yap staining showed distinct nuclear 
localization (Fig. 1B). 
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Figure 1: Yap mRNA and protein expression in the developing mouse 
lung 
(A) in situ hybridization for Yap on control lung tissue sections at E14.5, 
E16.5, E18.5. Airways (aw) and distal buds (db) indicated. (B) Double 
immunostaining for total Yap (Yap: green) and phosphorylated Ser127 
Yap (pYap: red) on control lung tissue at E12.5. 
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Immunofluorescent analysis of total Yap exhibited a strikingly distinct distribution of 
signals in epithelial tubules, with prominent nuclear Yap localization restricted to 
progenitors of distal buds.  By contrast, cytoplasmic signals were consistently seen in 
airway epithelial compartment (Fig. 2A-B). A comparison of the staining pattern of total 
Yap with that of the antibody raised against phosphorylated Yap (pYap) revealed a 
pattern that mirrored Yap cytoplasmic signals, suggesting that cytoplasmic Yap is in its 
phosphorylated form, consistent with observations in other context (Pan, 2010).  
The distal identity of the epithelial progenitors expressing nuclear Yap was 
confirmed by co-labeling with Sox9 in distal buds (Perl et al., 2005). Cytoplasmic Yap 
was confirmed in the epithelial regions proximal to these buds, which were strongly co-
labeled with Sox2 (Que et al., 2009). Sox2 and cytoplasmic Yap marked cells that during 
branching morphogenesis are committed to an airway fate, and later differentiate into 
specific cellular phenotypes of the conducting airways (Fig. 2A-B). This pattern of Yap 
localization was consistently observed as new generations of airways developed with no 
obvious gradient along the proximal-distal (P-D) axis. The distinct nucleocytoplasmic 
shift suggested an intriguing possibility that Yap could be regulating specific cellular 
events in epithelial progenitors at the transition of the distal to the nascent the airway 
compartments. 
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Figure 2: Immunofluorescence analysis of YAP expression early lung 
progenitors 
(A) IHC and confocal analysis of Yap (total) shows distinct nuclear 
(arrowhead, db) and cytoplasmic (arrow, aw) signals. DAPI (in blue) 
highlights nuclear staining (B) Double IHC of Yap with markers of distal 
bud (Sox9) shows nuclear to cytoplasmic transition at the BADJ between 
distal bud(db) airway (aw).  (C) Depiction of the distal bud (db), and 
airway with correlating IHC on E12.5 tissue with confocal images of 
(upper) Sox2 and Yap from the airway, and (lower) Sox9 and Yap from the 
distal bud. 
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Interestingly, this pattern correlated with the border between distal epithelial buds and 
conducting airways, a region we termed the “transitional zone”.  IF analysis of transition 
zones at E12.5-E14.5 wild type lungs indicated that Sox2 expression is initiated precisely 
at the region where Yap shifts its localization from nuclear to cytoplasmic (Fig. 3A-B). 
Indeed, high resolution imaging of this region showed cells displaying both Yap and 
Sox2 in the nucleus (Fig. 3C-D). 
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Figure 3:  Yap regulates Sox2 transcription in the 
transitional zone between distal bud and forming airway. 
(A-D)  Immunofluorescence and confocal analysis of a wild type 
E12.5 lung highlighting the transitional zone (tz) between the 
distal bud and the forming airway.  (A & C) Anti-Yap staining 
with nuclear (green arrow) and cytoplasmic Yap (empty arrow).  
(B) Sox2 and Sox9 staining.  (D) Anti-Yap and anti-Sox2 
staining.  Nuclear Yap (green arrow), Sox2 positive (red arrow), 
and dual anti-Yap and anti-Sox2 (yellow arrow) indicated.  (E) 
Schematic representation of a primary airway epithelial culture 
isolated from mouse tracheas, with immunofluorescence staining 
highlighting the localization of Yap in these cells at day 0.  
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At early stages (E12.5-E14.5) Yap IF did not detect any obvious differences in staining 
along the proximal to distal airway axis or apical - basal cellular distribution.  From 
E14.5-E16.5, cells in the airway epithelium undergo lineage restriction detectable 
through expression of fate specific markers.  At this time, the different cell types are still 
not phenotypically mature; Yap expression is still maintained as pan-cytoplasmic 
independent of specification (Fig. 4A-B).  Interestingly, neuroendocrine cells, which can 
be identified by the expression of Calcitonin Gene-Related Peptide-Receptor (Cgrp), are 
the first cell type to completely turn off Yap express as it undergoes differentiation (Fig. 
4C).  It is intriguing that Krt5/p63 labeled basal cells (Rock et al., 2009), later to become 
progenitor cells of the proximal airway are the only airway cell type to express nuclear 
Yap throughout development (Fig. 4D). 
Later in development (E18.5), Clara cells, identifiable by the expression Clara cell 
secretory protein (Ccsp, aka CC10, aka Scgb1a1), continue to maintain a pan-cytoplasmic 
expression of Yap with an apparent concentration of signal in the periphery of the cell.   
Ciliated cells show an overall decreased Yap signal, which becomes restricted to the 
apical surface of ciliated cells (Fig. 4A).  The apical location is consistent with ideas in 
the literature that describe Yao interactions with cell junctions and/or polarity complex 
proteins.  
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Figure 4:  Cell fate specific Yap expression profile begins at E18.5 and 
persists through adulthood 
(A) Dual Immuno-labeling of pYap and FoxJ1 at E14.5 show expression of Yap 
is maintained in the cytoplasm at roughly the same intensity independent of 
commitment to cell fate. At E16.5, with the appearance of cilia (Tub) does 
not alter the pan-cytoplasmic expression pattern of Yap.   At E18.5, a-Tubulin 
signals become more frequent and prominent, Yap expression decreases in 
intensity, though some apically localized signals are apparent (arrowheads) as 
compared to neighboring non-ciliated cells which maintain pan-cytoplasmic 
YAP signals.   (B) Dual immuno-labeling of secretory cells and Yap, identified 
at E14.5 through SCGB3a2 labeling, Yap express high levels of cytoplasmic 
Yap.   At E18.5, mature secretory express CC10 while Yap expression is 
maintained higher than neighboring ciliated cells.  Neuroendocrine, marked by 
CGRP, ells show no Yap expression as early as E16.5 and maintain below the 
level of detection throughout adulthood.  (C) Dual immuno-labeling of Krt5 and 
Yap in an extra-pulmonary airway at E18.5 identified nuclear signals present in 
only KRT5+ cells.  (D) Triple Immuno-labeling of CC10 (secretory cells), a-
Tubulin (ciliated cells, demarked by dotted line), and Yap in the adult airway 
indicates secretory cells maintain YAP expression while ciliated cells express 
little to no Yap.   
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In the adult airways, the expression pattern of Yap is very similar to that of the 
late stages of embryonic airway development.  The main differences are found in 
heterogeneity of staining pattern between the secretory cells.  Some secretory cells 
maintain a high level of Yap expression while others do not (Fig 4D).  Ciliated cells 
continue to have apically restricted signals, and neuroendocrine cells show Yap 
expression below the level of detection for IF.  Interestingly, in the adult basal cell the 
nuclear expression of Yap is no longer present and signals become then cytoplasmic.  
Consistent with the in situ hybridization study, the overall expression based on staining 
intensity is lower in adult than in the developing lung.  Confirming the expression 
patterns, we performed IF with the pYap specific antibody, which shows matching 
expression patterns. Cells in the forming airways express the higher pYap compared to 
the distal bud compartment.  In the adult, pYap staining is low, yet similar to Yap 
staining where a pattern of heterogeneity can be identified between the cell phenotypes 
lining the airway epithelium. 
  
  
42 
  
E12.5 Adult 
E16.5 Adult 
E16.5 Adult 
Ciliated: 
Foxj1, 
a-tubulin 
E12.5 Adult 
Secretory: 
Scgb3a2, 
CC10 
Basal: 
Krt5, 
Neuroendocrine: 
Cgrp, 
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Illustration 2:  Yap expression changes during differentiation of airway 
epithelial cells 
Cartoon depiction of Yap expression during the differentiation of the ciliated, 
secretory, basal, and neuroendocrine cell fates.   Time is denoted along the lower 
x-axis and markers of cell fate specification and differentiation are shown above 
and color matched. 
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Function of Yap in Adult Progenitors 
 In the lung, other than the basal cell that has been widely agreed upon as the 
progenitor cell of extrapulmonary airways, there is some debate as to which cell types 
contain the capacity to regenerate the lung after injury.  Currently, there are multiple 
populations that have been described as progenitor cells. Variant Clara cells, described by 
the Barry Strip Lab, are a small subpopulation of secretory cells that can be found 
directly neighboring neuroendocrine bodies and at the bronchiolar alveolar duct junction 
(BADJ).  These cells, defined as variants of the Clara cell because they lack the 
detoxifying cytochrome p450 family member Cyp2f2, have demonstrated the ability to 
survive exposure to naphthalene (Naph).  These Naph resistant cells will respond to 
injury by rapidly proliferating and differentiating into either the ciliated or secretory cells. 
Interestingly, variant Clara appear to only repopulate the conducting airways of the 
intrapulmonary airways (Reynolds et al., 2000b). The bronchiolar alveolar stem cell 
(BASC), identified by Carla Kim et. al., sit at the junction between the airway and 
alveoli, and expresses markers of both Clara cells as well as Type 2 pneumocytes.  
BASCs are capable of regenerating airway epithelium post injury with naphthalene injury 
have demonstrated the ability repair the injury in distal conducting airways as well as 
alveoli (Kim et al., 2005). 
Naphthalene, C10H8, is the simplest polycyclic aromatic hydrocarbon and when 
introduced into a mouse through an intraperitoneal injection, specifically ablated the 
Cyptf2 expressing Clara cells through a toxic metabolite created while detoxifying the 
environment.  Importantly, the ciliated, neuroendocrine, basal, BASC and variant Clara 
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cells, which all do not express the detoxifying enzyme cytochrome p450 Cyp2f2 will 
survive the injury by naphthalene injection and be tasked with regenerating the airway 
epithelium.   
During the first 48 hours post Naph injection is the injury phase. The Clara cells 
underwent widespread cell death and were extruded from the conducting airways.  
Animals appeared stressed with a hunched posture and decreased movements. After the 
injury phase (0-48 hrs. post injection), rapid expansion of the basal, BASC, and variant 
Clara cells occur to regenerate the lost Clara cell populations.  Ciliated cells 
morphologically respond to a change in epithelia density by flattening, maintaining the 
physical barrier of the conducting airways.  At this time, newly formed cells will and 
begin to repopulate and differentiate into Clara cells, while returning proper distribution 
of cell types found in the airway epithelium. 
As a way to examine the function of Yap in BASCs and variant Clara progenitor 
cells during regeneration / differentiation, we employed in vivo naphthalene injury 
experiments. Knowing that Yap and the Hippo pathway are critical components of 
progenitor cells, we wanted to examine the role of Yap in the regeneration of the airway 
epithelium during regeneration post injury. Our hypothesis was that variant Clara cells 
would present with a strong nuclear positive Yap signal indicating an increased 
progenitor cell and proliferative capacity. Instead, Yap became diffuse in cytoplasm of 
ciliated cells, with possible increased expression (Fig. 5A-B).  Variant Clara cells in the 
regenerative phase of 48-72 hours post injection did regenerate the airway epithelium, yet 
with no apparent increase or nuclear expression of Yap (Fig 5C).  At 14 days post 
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injection, the mouse lung had fully recovered from the Naph injury and the staining 
pattern of Yap recapitulated that found in a normal adult lung (Fig 5D).  This suggested 
that Yap may regulated ciliated cell morphology but did not have a transcriptional role in 
regulating the repair process post Naph exposure. 
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Figure 5:  Variant Clara cells show no change in YAP expression post injury 
with Naphthalene, yet apparent increase of YAP expression in ciliated cells 
during injury phase. 
(A) Triple immunofluorescent labeling for secretory cell marker CC10, ciliated 
cell marker a-Tubulin, and YAP demonstrate the increased expression of in 
secretory cells as compared to ciliated cells (circumscribed). (B) Ciliated cells 
increase cytoplasmic YAP expression to similar levels of surviving secretory cells 
during the injury phase of Naphthalene (day 2 post injection). (C) During repair, 
variant Clara cells identified through CC10 staining and proximity of 
neuroendocrine bodies immunofluorescent labeled with CGRP, show high 
cytoplasmic staining yet no nuclear localization of YAP. (D) After the recovery 
from naphthalene injury at day 14 post injection, YAP expression pattern 
recapitulates the uninjured adult where secretory cells (CC10+ staining) show pan-
cytoplasmic YAP expression yet the ciliated cells (a-tubulin + staining) decrease 
pan-cytoplasmic YAP staining and show YAP expression to the apical surface.  
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Our observation of nuclear Yap expression in the basal cells during development 
shifting to completely cytoplasmic in the mature adult trachea (Fig. 4C) was intriguing.  
Therefore we used a primary cell culture technique that was readily amenable to viral and 
pharmacological manipulation so we could understand the role of Yap in the 
differentiation process of basal cells.  To do this we used the mouse tracheal epithelial 
cultures (mTEC) grown to confluence and then induced an air liquid interface (ALI) to 
foster differentiation.    This system has been well established in the literature (You et al., 
2002) as a reproducible system for the study of  primary adult basal cell differentiation 
into ciliated and secretory cells.  
First, we confirmed the ability of the mTEC ALI system to recapitulate the 
distribution of the cellular phenotypes found in the adult trachea through IF staining of 
basal, ciliated, and secretory cell markers.  We found, at confluence (day 0) almost all 
cells labeled positive for basal cell markers p63 / Krt5.  A small, non-basal cell, 
population exists and was believed to be either fibroblast or endothelial cell 
contamination.  At this time point, Yap was present in the nucleus of 95% of all cells in 
the culture (Fig. 6C) 
As the cells differentiated out over the next few days (days 2 through day 7 after 
ALI induction), both the number of and the prominence of p63 and Krt5 staining 
decreased significantly.  During this differentiation phase, Yap expression would shift 
from the nucleus to the cytoplasm and eventually decrease in overall intensity (Fig 6B-
C).  The decrease in Yap staining intensity was confirmed through quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) analysis (Fig. 6E).  After Yap has 
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shifted to the cytoplasm, markers of ciliated, Foxj1, and secretory, Scgb3a2, cell fate 
specification were easily identified yet never overlapped with nuclear localized Yap.  
This, consistent with our observations in vivo during airway development, that Yap 
sequestration to the cytoplasm was a prerequisite for airway cell fate differentiation.  
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Figure 6:  mTEC ALI expression of YAP demonstrates a nuclear – 
cytoplasmic shift in YAP expression. 
(A-B) Immuno-labeling for YAP and F-Actin on Day 0 mTEC ALI cultures 
indicate predominant nuclear localization of YAP whereas after 
differentiation at Day 8, YAP is predominately expressed in the cytoplasm at 
varying degrees.  (C)  Image quantitation of the subcellular localization of 
YAP from Day 0 (progenitor cells) to Day 4 (early differentiation) to Day 8 
(late differentiation) shows a significant change in YAP expression from the 
nucleus to the cytoplasm during differentiation. (D)  Western blot analysis of 
YAP and phospho-Yap (pYap) during mTEC differentiation process shows 
an increase of pYap in differentiated cells found at later time points. (E-G) 
Quantitative PCR indicates a decrease in the message level of YAP during 
differentiation in mTEC ALI from Day 0 to Day 8 yet YAP message level is 
still detectable.  The level of YAP mRNA inversely correlates with markers 
for differentiation into secretory, SCGB3a2 (F), or ciliated, FoxJ1 (G), cell 
phenotypes. 
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Thus, our analysis of the differentiation of adult airway progenitor basal cells in vitro 
using the mTEC ALI system correctly recapitulated the changes in Yap found during 
development. Although, the nucleocytoplasmic shift of Yap was similar to that found in 
transitioning of the distal bud to the conducting airways, and the ubiquitous expression 
independent of airway cell fate specification, it is important to emphasize the difference 
between the starting populations.  The mTEC ALI cultures begin with a mature basal cell, 
which differs greatly from that of the embryonic distal bud progenitor cells and cannot be 
used as a surrogate for early airway formation.   
 Taken together, we have identified the temporal and spatial pattern of Yap 
expression in the developing and adult lung.  A shift in the subcellular 
compartmentalization of Yap during branching morphogenesis was found, in which the 
distal lung buds express nuclear Yap as compared to the cytoplasmic Yap in the airway 
compartment.  We also identified a lineage restriction of Yap expression in 
neuroendocrine cells.  Moreover, ciliated cells express Yap in the apical compartment, in 
contrast to the pan-cytoplasmic expression of the secretory and adult airway progenitor 
cells. Our data led us to hypothesis:  Yap is likely to regulate the expansion and 
differentiation of airway epithelial progenitors both in the developing airway and in 
regeneration post injury of the adult lung. 
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CHAPTER THREE 
Understand the development of the airway epithelium in the absence of Yap 
Rationale & Approach 
In chapter two we characterized the expression pattern of Yap in development and 
the adult lung, yet those experiments are observational and do not answer the question:  
what is the function of Yap during in airway epithelial cells in development and 
differentiation? Studies in this chapter describe how lungs develop in absence of Yap 
through genetic loss of function approach. 
To investigate Yap function in the developing lung epithelium, we conditionally 
deleted Yap in the anterior foregut prior to the initiation of lung specification and bud 
formation resulting in a lung epithelial specific knockout of Yap.  Analysis of Yap 
deficient animals at the different developmental stages has allowed us to interpret a novel 
role Yap in the morphogenesis of the lung epithelium.   Beyond histological evaluation 
and analysis of the distribution of the known cell types through immunolabeling, we plan 
to dissect other pathways through in vitro and ex vivo analysis including lung explant 
cultures and primary cell isolation and expansion.   
 The Sonic Hedgehog-Cre /+ (SHH-Cre/+) deleter mice, characterized by being 
crossed with a Rosa-LacZ reporter mouse (Shh-Cre;R26R reporter), have shown very 
efficient Cre-mediated recombination in the foregut endoderm as early as E8.5 (Harris et 
al., 2006).  These Shh-Cre deleter mice have been used to study the role of numerous 
  
55 
signals in the lung including: Notch(Tsao et al., 2009), Mst1/2(Chung et al., 2013), and 
Histone Deacetylases  Hdac1/2 (Wang et al., 2013). 
 Yap F/F mice were obtained from Dr. Fernando Camargo and crossed with the 
Shh-Cre/+ deleter line.  These crosses resulted in genotype:  Yap F/+; Shh-Cre/+.  From 
these mouse lines, we crossed a Yap-F/+; Shh-Cre/+ with a Yap F/F to generate the 
genotype: Yap-F/F; Shh-Cre/+, henceforth referred to as YapcNull.  Lungs were harvested 
from YapcNull mice at developmental time points E10.5, E11.5, E12.5, E14.5, and E18.5. 
Results 
Analysis of the YapcNull embryos prior to E12.5 did not reveal any gross 
abnormalities.  Prior time points, the wild type and the YapcNull animals have a gross 
normal appearance.  At E12.5 the YapcNull animals were slightly smaller, yet with no 
obvious full body developmental differences (Fig. 7A). Strikingly, lungs from YapcNull 
were highly hypoplastic and showed severe disruption in branching morphogenesis 
resulting in dilated cyst-like structures (Fig. 7B). Histological examination revealed 
that these structures occupied most of the lung and were lined by a cuboidal 
epithelium. By contrast, areas with tall cylindrical epithelium characteristic of 
proximal airways were greatly reduced. This was confirmed by the dramatic loss of 
Yap expression selectively in the epithelium, contrasting with the preserved signals 
in the mesenchyme in YapcNull mutants (Fig. 7C-E). 
To determine if the lung epithelium from YapcNull mice preserved its identity we 
assessed Nkx2.1 expression, by IF staining, which detected strong signals along the 
proximal-distal axis of the epithelium. Together this confirmed the loss of Yap in the 
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developing murine airway epithelia was important for branching morphogenesis, but did 
not alter lung cell specification. Sox9 IF staining revealed strong signals throughout the 
epithelium of the dilated structures of mutant lungs indicating that loss of Yap led to an 
aberrant expansion of the distal epithelial progenitors. IHC for Sox2 showed expression 
in only few cells in epithelial tubules at the very proximal region of lung. The local 
expression of p63 in these cells confirmed their proximal identity and suggested that the 
expansion of the distal compartment occurred at the costs of the proximal progenitors that 
normally give rise to airways (Fig. 7G-H).  Interestingly, based on our hypothesis from 
Chapter 2, we found a counter intuitive phenotype, as we believed Yap would be critical 
in maintain the distal progenitors of the airway.  Instead, in the absence of Yap, we saw 
the distal progenitors of the lung expand. 
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Figure 7:  YapcNull animals develop a cystic lung with dilated tubules 
expressing markers of distal progenitors 
(A) Whole E12.5 embryos of control and YapcNull animals indicating an overall 
decrease in embryo size.  (B) Isolated E12.5 lungs from control and YapcNull 
animals show hypoplastic lung with decreased developmental complexity with 
fewer lobes and branches, with enlarged dilated lumen. (C) Dual 
immunofluorescence staining for Sox9 and Sox2 on sagittal sections of control 
and YapcNull animals confirms dilated tubules with an increased distal lung 
epithelial domain.  (D) Isolated E14.5 lungs, continue to lag behind in overall 
developmental size and complexity, red arrows indicate lobes of lung.  (E) 
Hematoxylin and eosin staining of wild type and YapcNull lungs.   Lungs continue 
to dilate with no obvious branching.  (F) Dual immunofluorescent staining for 
Sox2 (red) and Sox9 (green) on YapcNull sections showing increased distal, Sox9+,  
domain at the cost of the forming airways (Sox2+).  
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To investigate the reason for the hypoplastic nature of the YapcNull lung, we examined 
markers of proliferation (Ki67 and Proliferating Nuclear Cell Antigen (PNCA)) and cell 
death (cleaved Caspase 3).   
Despite the overall reduction in lung size, analysis of the cell cycle markers Ki67 
and PCNA in the YapcNull epithelium showed a pattern of distribution of these signals 
similar to that found in the distal lung epithelium of wild type. Additionally, there was no 
difference in the pattern of cleaved-Caspase3 expression between control and YapcNull 
tissues, indicating that differences in apoptotic cell death does not account for the 
observed phenotype (Fig 8A-B).  We examined the YapcNull and control airways for 
primary cilia, and in supporting the halted in a proliferative stage; we saw the YapcNull 
lungs had more prominent primary cilia than that of controls (Fig. 8C).  This indicated 
the cycling rate of these cells was longer than that of wild type controls.  This decreased 
rate or proliferation explains the hypoplastic phenotype of the Yap deficient lungs.   
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Figure 8:  Rate of proliferation is not altered in the YapcNull airway epithelium. 
(A)Upper: Confocal analysis of proliferative marker Ki67 (red) and Yap (green) in 
wild type (WT) and YapcNull E14.5 lung tissue sections.  Lower: Confocal analysis of 
proliferative marker PCNA (red) and marker of apoptosis Cleaved Caspase 3(green) in 
wild type (WT) and YapcNull E14.5 lung tissue sections.  (B)  Image quantification of 
the percent of epithelial cells found positive for proliferative marker PCNA, or 
Cleaved Caspase 3 (n=3: +/- SEM) (C) Confirmatory proliferative maker staining, 
Ki67 (red) demonstrating equal rates of proliferation in the wild type and YapcNull.  
Acetylated a-tubulin staining (green) labels cilia and shows a clear increase in the size 
and number of primary ciliated cells in YapcNull as compared to the wild type control. 
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Multiple buds appeared to be arising from the distal cystic structures (Fig. 9H-K).  
Remarkably, however, these buds expressed Sox9, Bmp4 and Sftpc, all of which are 
markers associated with distal bud regions in controls.  These observations suggested that 
in the absence of Yap the distal lung progenitors were capable of expanding and 
responding to morphogenetic cues that are required for distal bud formation.  Taken 
together, the area affected by the conditional loss of Yap appears to be the transitional 
zone between the distal and proximal airway progenitors.   
To better understand how dynamics of morphogenesis differ between YapcNull and 
Wild Type (WT) mice, we compared bud formation and branching in E11.5 lung explants 
cultured ex vivo in defined conditions (Lu et al., 2005)  (Fig. 9 L-O).  Consistent with our 
observations in vivo, the loss of Yap did not affect bud initiation, as multiple buds were 
seen arising from the distal epithelium at 24 hours. Interesting, in contrast to wild type, 
the newly formed buds did not organize into tubule-like airway structures.  Rather, buds 
arising from YapcNull explants continued expanding to form dilated cystic structures.  
Together, our data indicate that Yap plays a crucial role in restricting the expansion of 
distal progenitors following the initiation of branching morphogenesis, a step that is 
essential for the proper formation of airways. 
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Figure 9:  YapcNull are unable to form proximal tubules  
(A-G) Serial sections of the extrapulmonary airways of the E14.5 YapcNull
 
animal.  
(A) Hematoxylin and Eosin staining (B) confocal image of immunostaining for anti-
Sox2 with DAPI or (C) anti-Trp63 with DAPI.  (B-D) Serial sections of the 
intrapulmonary airways of the E14.5 YapcNull animal. Scale bar, 25mm.  (E) 
Hematoxylin and eosin staining (F) confocal image of immunostaining for anti-Sox9 
with DAPI (G) or anti-Sox2 with DAPI. (H)  Hematoxylin and eosin staining on 
E14.5 YapcNull.  (I) in situ hybridization for Bmp4 (J) in situ hybridization with 
overlaid immunostaining for anti-Sox9.  (K)  Dual immunofluorescent staining for 
anti-Sftpc and anti-Sox9.  (H-K) Scale bar 20 mm.  (L-O) Three day (L-M) E12.5 
wild type or (N-O) E12.5 YapcNull lung explant culture experiment, images from 
(L&N) day 0 or (M&O) day 3. Brackets indicate forming airway.  Arrow heads 
indicated forming buds. 
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The striking abnormality in proximal to distal patterning of the YapcNull 
respiratory epithelium suggested that Yap is required for patterning the program of 
epithelial progenitor cell fate that gives rise to the airways. Sox2 is essential for the 
development of the lineages of the entire airway epithelium, and the appearance of Sox2 
marks the earliest known specification of proximal epithelial progenitors(Gontan et al., 
2008; Tompkins et al., 2009).  IHC analysis of E12.5-E14.5 wild type lungs suggested 
Sox2 expression is initiated at the region where Yap shifts from a nuclear to cytoplasmic 
localization, the region which we previously termed the transition zone.  Indeed, careful 
analysis of the transition zone showed several cells Yap and Sox2 signals in the nucleus 
(Fig. 3A-D).  Previous studies show that Yap regulates the expression of Sox2 in mouse 
embryonic stem (mES) cells and in neuronal differentiation (Lian et al., 2010), (Cao et 
al., 2008), thus we examined the possibility that Sox2 might be a transcriptional target of 
Yap in airway progenitors. 
 Yap is recruited to DNA through interactions with transcription factors, the best 
described of which are the family of Teads (Tead1-4), which direct Yap activity in a 
range of progenitor populations throughout development (Vassilev et al., 2001).  In silico 
promoter analysis at the Sox2 locus revealed several Tead binding sequences upstream of 
the Sox2 transcriptional start site (Fig. 11A).  To examine whether Tead transcription 
factors reside on the Sox2 promoter, we isolated E11.5 lungs from wild type mice and 
then performed chromatin immunoprecipitation (ChIP) analysis using a Tead antibody 
that recognized all four Tead family members.  Examination of the Sox2 promoter by 
PCR from the ChIP samples indicated enriched Tead binding in airway progenitor cells. 
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To confirm our results, we additionally isolated and expanded Sox2+ airway progenitor 
cells from adult wild type tracheas using our mTEC ALI system described earlier. ChIP 
analysis of these airway progenitors indicated that Tead transcription factors are enriched 
at the Sox2 promoter, as observed in E11.5 lungs (Fig 10B). Importantly, 
immunofluorescence analysis of Yap in the airway progenitors examined indicated strong 
nuclear Yap localization (Fig 6A), suggesting that Yap-Tead complexes regulate Sox2 
expression. 
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Figure 10:  Yap regulates Sox2 transcription in the transitional zone 
between distal bud and forming airway 
(A) Promoter analysis of the mouse Sox2 gene shows multiple Smad 
(green) and Tead (yellow) binding sites suggesting possible Yap and 
Smad activity in regulating Sox2 transcription. (B) Chromatin 
Immunoprecipitation (ChIP) in either wild type day 0 air liquid interface 
or isolated E11.5 lungs using a Tead1-4 specific antibody showed 
enrichment for the Sox2 promoter.   (C) Immunostaining of anti-Sox2 
and anti-Cre on primary tracheal epithelial cell cultures from a Yap F/F 
animal infected with Ef1a-Cre or Ef1a-mCherry. (D) Quantitative PCR 
analysis of air Liquid Interface cultures from Yap F/F mice infected 
with lenti viral E1a-Cre show significant reduction in Sox2 
transcription.   
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To directly test whether nuclear Yap controls Sox2 expression, we isolated adult airway 
epithelial progenitors from Yap F/F mice and deleted Yap by transducing these cells with 
a Lentivirus expressing Cre recombinase from an constituently active EF1a-promoter (C 
Fognani, 1993) (EF1a-Cre) , or with a EF1a-GFP, which we used as a control.  Real time 
PCR analysis showed that Sox2 expression significantly decreased by approximately 0.5 
fold upon the loss of Yap (Fig. 10F). Moreover IHC using antibodies recognizing Cre or 
Sox2 revealed that Yap f/f cells expressing Cre, and hence have deleted Yap, had lost 
Sox2 expression (Fig. 10C). 
 Based on our data we propose that, at the transition zone, nuclear Yap activates a 
transcriptional program that induces Sox2 expression, leading to the specification of 
airway epithelial cell precursors.  
The aberrant phenotype of YapcNull mice suggested that mechanisms normally 
restricting distal progenitor patterning are altered in the absence of Yap.  Multiple studies 
have indicated key roles for growth factor signaling events in the control of proximal - 
distal specification in the developing lung, including those induced by Wnt, Tgf and 
Bone Morphogenic Proteins (BMPs) (Shu et al., 2005),(Lebeche et al., 1999), (Weaver et 
al., 1999).  
 Local increases of Tgf signaling at budding sites favors the formation of the 
airway compartment during lung morphogenesis (Cardoso and Lu, 2006). We therefore 
explored the possibility that the loss of Yap interferes with the transduction of Tgf -
induced signals at branching sites.  Tgf is expressed from the lung mesenchyme and its 
activity accumulates at the stalk regions of branching tubules, where it transduces signals 
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that restrict epithelial budding (Heine et al., 1990).  We identified these sites of Tgf 
activation in wild type and YapcNull at E14.5 by examining the expression of 
Transforming growth factor beta-induced (Tgfbi, aka Big-H3) by ISH, which is a well-
characterized target of Tgf. Tgfbi is normally expressed dynamically in the distal lung 
mesenchyme at branching points and bud stalks, and previously has been shown to serve 
as a surrogate local marker of Tgf signaling activation (Chen et al., 2007; Lu et al., 
2004).  
 ISH of Tgfbi in E14.5 wild type lungs confirmed the characteristic mesenchymal 
distribution (Fig 11A). Interestingly, in the YapcNull lungs Tgfbi continued to be restricted 
to the subepithelial mesenchyme; however, its domain of expression extended widely into 
the mesenchyme associated with the epithelium of the enlarged distal buds (Fig. 12B).  
The strong Tgfbi expression in the mesenchyme indicated that in the YapcNull mutants 
Tgf is present and provides available signals at the presumptive sites of stalk formation, 
but given that the Yap-deficient epithelium does not pattern properly, also suggested that 
Tgf responses were defective in cells with no Yap.  
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Figure 11:  Yap deficient lungs do not respond to Tgf 
(A) In situ analysis of Tgfbi expression from E14.5 wild type lung 
tissues. A schematic representation of the expression pattern of Tgfbi is 
also shown.  (B) An in situ analysis of Tgfbi expression with 
immunofluorescence staining of Sox9 from E14.5 YapcNull mouse lung 
tissue. (Scale bar, 250mm). The side panels show Tgfbi alone, and high 
magnification image with bracket demarking mesenchymal area and 
arrow pointing to Sox9+ epithelial cells.  (C) qRT-PCR was used to 
examine the expression of Yap and Sox2 in primary airway epithelial 
cells treated with recombinant TGF1 or vehicle control. (n=3; +/- 
SEM).  (D-G) Mouse E12.5 lungs were isolated from and cultured for 
three days prior to a wISH for Sox2.  (D&F)  Explants cultured in 
control conditions or (F&G) with recombinant TGF1 from (D-E) wild 
type controls (F-G) YapcNull animals.   Distal bud regions (in circle with 
db) and first generation of intrapulmonary airways (red arrows) 
highlighted. 
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Since we could not ensure that the levels of endogenous Tgf in YapcNull tissues were 
sufficient to elicit proper patterning responses, we examined whether exogenous 
supplementation of Tgf in ex vivo lung organ cultures could establish a Sox2 domain in 
branching airways. Untreated WT lung explants displayed patterning of proximal Sox2+ 
airways ex vivo in a similar fashion to that observed in vivo. Culturing these WT lung 
explants in the presence of recombinant TGF1 led to a dramatic expansion of Sox2+ 
cells into the distal regions, resulting in decreased branching, as previously reported (Fig. 
11D-E) (Serra et al., 1994). Untreated YapcNull lungs cultured ex vivo displayed aberrant 
budding morphogenesis, and examination of Sox2 expression by in situ analysis revealed 
an absence Sox2 expression in all regions except for the extreme proximal domain (Fig. 
12F), observations which were consistent with our findings in E14.5 lungs in vivo (Fig 
2B&F).  Treatment of YapcNull lung cultures with recombinant TGF1 led to a striking 
increase in Sox2 expression in the extreme proximal region of the main bronchi, but was 
undetectable in any of other generation of buds (Fig. 11G). Thus, saturating levels of 
TGF1 ligand failed to induce Sox2 in newly formed presumptive airways of YapcNull 
lungs, indicating that Tgf -induced cues in these cells are defective  
 We considered the possibility that the failure to properly form the airway 
compartment during branching might also result from hyperactive Wnt signaling, as 
Wnt/b-catenin signals expand the distal lung domain, marked by several Wnt/b-catenin 
targets such as Sox9 and Bmp4(Hashimoto et al., 2012; Lü et al., 2008; Shu et al., 2005). 
Disruption of Wnt/b-catenin signaling at early developmental stages prevents lung 
formation (Harris-Johnson et al., 2009).  Therefore, to test whether hyperactive Wnt 
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signaling contributes the proximal – distal airway branching defects observed in Yap-
deficient lungs we antagonized Wnt with recombinant DKK1 in explant cultures from 
E11.5 WT and YapcNull lungs. Analysis of WT lungs at day 3 growing in the presence of 
DKK1 exhibited truncation of distal buds, similar to prior studies (De Langhe et al., 
2005), and extended Sox2 expression to the periphery of the explant (Fig. 12A). Thus, 
restricting Wnt signaling fosters distal epithelial progenitors to acquire an airway fate. By 
contrast in YapcNull lungs DKK1 was unable to elicit a similar response; lungs were 
slightly smaller and Sox2 expression remained restricted to the main bronchi, suggesting 
that in these mutants in spite of an environment that represses distal epithelial fate, 
airway progenitors do not form beyond the initial primary buds/main bronchi (Fig. 12B). 
These observations support the premise that Yap is crucial patterning epithelial cell fate 
during airway branching, and suggest that Yap mediates key morphogenic signals 
induced by Tgf. 
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Figure 12:  Overactive Wnt signaling is not blocking formation of 
proximal airways. 
(A) Whole lung explant cultures from wild type lungs.  Top panel was in 
control media while bottom panel was treated with DKK-1 for 3 days.  Left 
panel is representative images of whole mount in situ staining with a probe 
specific for Sox2. (B)Whole lung explant cultures from Yapf/f; Shh-Cre 
(YapcNull) lungs.  Top panel was in control media while bottom panel was 
treated with DKK-1 for 3 days.  Left panel is representative images of whole 
mount in situ staining with a probe specific for Sox2.  (A&B) Circles 
encompassed the distal most lung buds and arrows point to regions of DKK-
1 treated lungs where Sox2 is markedly higher than in lungs in control 
media.  
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In conclusion, this chapter has provided strong evidence showing how Yap is 
critical for the formation of the proximal airway compartment during lung development.  
The YapcNull phenotype demonstrated a complete loss of de-novo airway formation, with 
expanded regions of Tgf signaling.  Through our explants we demonstrated that the 
YapcNull lungs were unable to respond to Tgf signals necessary for the formation of the 
airway compartments.  Interestingly, as was identified in mouse Embryonic Stem Cell 
(ES cells), Yap regulates the expression of Sox2 in the forming airways and therefore the 
creation of the airway progenitors.  Seeing that Sox2 is critical for the formation of the 
cellular phenotypes found in the airway compartments we next wanted to understand the 
role of Yap in the acquisition of the cell fates which line the airway epithelium in the 
healthy lung, and how the loss of Yap can affect the distribution of the cellular 
phenotypes found there.   
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CHAPTER FOUR 
The role of Yap in airway epithelial differentiation  
Rationale & Approach 
  There is accumulating indications that the Hippo-Yap pathway plays a pivotal 
role in the acquisition of cellular phenotypes in epithelial tissues.  In the adult colonic 
epithelium, forced expression a wild type Yap leads to a reversible expansion of the crypt 
progenitor cells, with decreased differentiation into the enterocyte or secretory lineages 
(Camargo et al., 2007).  In the skin, induced expression of a mutated Yap (Yap-S127A) 
which is refractory to Lats-mediated phosphorylation and localizes to the nucleus, blocks 
terminal differentiation of keratinocytes and expands the population basal (Krt5+) 
progenitor cells (Zhang et al., 2011).  Here we examine the role of Yap, and its 
phosphorylation, in the process of differentiation of airway progenitor cells.   
YapcNull animals, as well as mTEC ALI cultures and lentiviral gene transduction, 
were used to assess the function of Yap and phosphorylated Yap during differentiation. 
The in vitro experiments included transduction of different virally encoded Yap proteins 
including: 1) Flag-Tagged Wild-Type Yap (wt-Yap), which can be normally 
phosphorylated by the Hippo pathway components and gives us a model of Yap 
overexpression, or 2) a Flag-tagged mutated S5A-Yap expressed Yap (5SA-Yap), in 
which the known Lats-targeted serine residues are mutated to alanine making the 5SA-
Yap resistant to Hippo-Lats phosphorylation, perpetuating the nuclear functions of Yap 
(Bin Zhao et al., 2007).  In addition, two methods for loss of function analysis were used:  
  
79 
1) shRNA targeting the Yap mRNA transcript thereby decreasing available Yap protein. 
2) An in vitro genetic knockout approach in which, mouse tracheal epithelia progenitor 
cells from a Yap F/F animals were infected with a Lentivirus carrying a Cre-
Recombinase ubiquitously expressed under the E1a-promoter.  Through the use of 
immunofluorescent staining for the Yap (shYap experiments), Flag (gain of function 
experiments) or Cre (loss of function experiments) epitopes we can distinguish cells 
affected by the viral transduction and assess the resulting phenotype. 
Results 
Our analysis of the YapcNull lungs during branching morphogenesis showed 
expansion of the distal compartment at the cost of the forming airways (Fig. 7H). 
We reasoned that if the loss of Yap prevented airway progenitors from forming, the 
subsequent acquisition of cellular phenotypes typical of airways should be also impaired. 
At E14.5 epithelial progenitors normally commit to secretory and ciliated cell fate 
lineages, which can be recognized by expression of secretoglobin Scgb3a2 and Foxj1, 
respectively. IF analysis of E14.5 wild type lungs indicated that both secretory and ciliate 
cell precursors display strong cytoplasmic Yap localization. By contrast, no Foxj1 and 
only scattered Scgb3a2 signals were present in the epithelium of YapcNull (Fig. 13A-C). 
To determine whether this phenotype represented a developmental delay, we assessed 
embryos at a later stage, when airway branching is normally completed and epithelial 
differentiation is advanced in wild type lung. E17.5 YapcNull lungs were highly 
hypoplastic and showed multiple cyst-like structures (Fig. 13G). While in the wild type, 
late markers of differentiation (Scgb1a1: Clara cells; alpha-tubulin: ciliated cells) were 
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abundantly expressed, correlating with cytoplasmic Yap localization, in the airway 
epithelium, only rare a-Tub or Scgb3a2 and Scgb1a1-labeled cells were found in YapcNull 
lungs (Fig. 13D-F, H-I). 
Remarkably, Periodic acid–Schiff (PAS) staining revealed widespread mucin in 
the epithelial cells lining the cyst-like structures in the lumen. Strong expression of 
Muc5ac confirmed that the vast majority of the epithelium acquired a goblet cell-like 
phenotype (Fig. 13G). This phenotype is strikingly similar to that of Sox2-deficient mice 
(Que et al., 2007). Indeed, IHC of E17.5 lungs showed Sox2 expression nearly 
undetected in these mutants. At this stage Sox9 and Sftpc signals were restricted to 
scattered epithelial cells lining these cysts (Fig. 13J). Quantitative analyses confirmed 
these observations (Fig. 13K). Nkx2-1 staining indicated that, in spite of this aberrant 
differentiation profile, the YapcNull epithelium preserved its lung identity (data not 
shown). 
The absence of differentiated cell phenotypes in YapcNull airways strongly 
supports the idea that precursors of these cells could not be specified in the absence of 
Yap.  However, in addition, our data reveal that loss of Yap has profound consequences 
in subsequent steps of differentiation, preventing acquisition of late features and fostering 
the acquisition of a pathological goblet cell-like phenotype.   
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Figure 13: YapcNull epithelium is unable to undergo normal 
differentiation during lung development  
(A-B) Double IHC of E14.5 WT lungs showing Yap pan cytoplasmic 
signals (arrowheads) in ciliated (Foxj1) and secretory (Scgb3a2) cell 
precursors. (C) In E14.5 YapcNull lungs no Foxj1 and only residual 
Scgb3a2 expression is present in the epithelium. (D) In E17.5 WT 
airways Yap-expressing cells undergoing differentiation express a-Tub 
and Scgb1a1 in ciliated and Clara cells, respectively. (E-F, H-I) By 
contrast E17.5 YapcNull lungs show nearly no a-Tub, Scgb3a2 or 
Scgb1a1 staining and have abundant PAS and Muc5ac positive goblet-
like cells in the epithelium. (J) Only rare clusters of double-labeled 
Sox9-Sftpc cells are present in E17.5 YapcNull lungs. (K) 
Morphometric analysis showing the relative number of epithelial cells 
labeled with each differentiation marker in YapcNull and WT lungs 
(mean + SEM of 3 lungs per group); Yap deficiency is associated with 
decreased expression of distal and proximal differentiation markers but 
increased Muc5ac expression. Scale bar, 60 m. 
  
83 
 
The Role of Yap in the Differentiation of Adult Basal Cells 
The lethality of YapcNull mice prevented us from examining the function of Yap in 
the adult lung.  Yet, we wanted to perform Yap gain of function and loss of function 
studies in vitro to discover the role of Yap in cellular differentiation of adult airway 
epithelial cells.  As shown in Chapter 2, the mTEC ALI culture system was the closest 
model recapitulating Yap subcellular compartmentalization and the differentiation 
process of the airway epithelial cells.   
Briefly, adult basal cells showed the capacity to alter the subcellular distribution 
of Yap depending on their state of differentiation.  IF staining showed basal cells in the 
adult trachea only express cytoplasmic Yap signals in vivo (Fig. 14A).  However, when 
isolated and expanded in culture they have strong nuclear Yap signals and maintain basal 
cell markers, such as Krt5 (Fig 14B).  Yap expression shifts to the cytoplasm at the time 
markers of the ciliated and secretory cell fate appear in the culture system (Fig. 14C).   
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Figure 14:  Nucleocytoplasmic shift of Yap during differentiation of 
mTEC ALI Culture 
(A) Immunostaining with confocal analysis of (A) adult (AL) wild type 
trachea stained for anti-Yap and anti-Krt5 dual immunostaining with 
confocal analysis of an, or (B) undifferentiated (Day 0) primary airway 
epithelial cells immunostained for anti-Yap with and anti-Yap & anti-Krt5, 
or  (C) differentiated (day 8) mouse trachea epithelial cells stained for anti-
Yap, and anti-Yap & anti-Scgb3a2, and anti-pYap & anti-Foxj1.  (D) 
Western blot analysis of Yap expression across time points of mTEC 
culture differentiation.  Quantitative representation of the protein 
expression (ImageJ based densitometry of bands controlled by GAPDH).  
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Immunoblot analysis of total Yap and pYap in cell lysates isolated from 
undifferentiated (day 0) to a differentiated state (day 8 ALI-cultured cells) revealed that 
the cytoplasmic shift was accompanied by an increase in the pYap/Yap ratio (Fig. 14 D-
E). This occurred in spite of the overall decline in Yap both at protein and mRNA levels 
as cells differentiate (Fig. 6E).  Thus, altering the status of a basal cell from a resting to 
an activated one, triggers cytoplasmic shuttling of Yap to the nucleus, presumably to 
activate cellular functions dependent on a Yap transcriptional program 
  IF staining of mTEC cultures using an antibody that recognizes the 
phosphorylated Ser 127 of Yap (pYap) only, showed strong expression in the apical 
region of ciliated cells (Fig. 15A-B).   This pattern of pYap became evident around day 3, 
after cell fate specification (Foxj1) yet before appearance of mature markers of cilia 
(acetylated a-tubulin) (data not shown).   
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Figure 15:  Phospho-YAP expression is localized in ciliated cells at 
transitional zone, located at the apical border between the cilium and 
the cell body 
(A)  Dual immuno-labeling of pYAP and FoxJ1 and confocal analysis 
identified pYAP expression to be localized to the apical regions of 
ciliated cells with a strong correlation of to motile cilia (B) labeled with 
b-tubulin.  (C-E) Confocal orthogonal analysis of pYAP expression 
indicates tightest correlation with the transitional zone (E) marked with 
RPGRIP1L localized between the motile cilia (C) labeled with b-tubulin 
and the basal bodies (D) labeled with g-tubulin.  (G)  Graphical 
representation of the confocal data indicating the localization of pYAP 
relative to a motile cilia found in the respiratory tract. 
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Confocal analysis of co-staining for pYap with b-tubulin (Fig. 15C) showed pYap 
to be localized below the cilia.  Next, we co-localized pYap with the basal body, a 
centriole-based organelle, which anchors the cilium.  We saw pYap granules to be 
localized directly above g-tubulin, a marker of the basal bodies (Dutcher, 2003) (Fig. 
15D).  The region between the basal body and the cilia is known as the transitional zone.   
The transitional zone is an interesting subcellular compartment of the motile 
ciliated cell.  This zone or compartment has been described to function as a selective pore 
or a gateway to the apical most membranes located upon the extruding cilia; similar to 
that of the nuclear pore which governs the proteins that traffic in and out of the nucleus.   
Many proteins that have been localized to the transitional zone have been identified as 
critical for proper ciliogenesis.  One example is Retinitis Pigmentosa GTPase Regulator- 
Interacting Protein-1 like (Rpgrip1l), which was identified as a protein often mutated in 
patients with ciliopathies such as Mekel-Gruber (MKS) and Joubert (JBTS) syndrome 
(Khanna et al., 2009).  Rpgrip1l loss leads to cilia agenesis,(Liu et al., 2011).  We 
identified pYap in the transition zone of the cilium through a tight co-localization pattern 
with (Rpgrip1l) (Fig. 15E). 
   To further investigate Yap proteins in airway epithelium, we performed an 
immunoprecipitation for pYap on differentiated (day 8) mTEC ALI samples.  Through 
the use of  mass spectrometry, we consistently identified a different transitional zone 
protein Tri-Nucleotide Repeat (Trim32) (Quinlan et al., 2008) (Table. 1). 
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Table 1:  Binding partner s for pYap in adult primary epithet cells 
List of identified binding pYap partners, identified by Mass-Spectrometry, from 
adult primary tracheal epithelial.  Description includes: Organism specific 
sequence (OS), and Gene Name (GN).  Probability of match described as 
MASCOT Score. 
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Though very little is known, Trim32, also known as Bardet-Biedl Syndrome 11 
(BBS11) had already associated with ciliopathies.  The BBS genes were identified 
through a human genomic wide association study (GWAS) for common mutations in the 
ciliopathies known as Bardet-Biedl syndrome (BBS) (Nachury et al., 2007). Interestingly, 
Trim32/BBS11, had been commonly identified as regulating the binding of the basal 
body with the apical membrane, and the authors hypothesized its location to the 
transitional zone (Ramachandran et al., 2014).  This data together with the tight co-
localization of pYap made us hypothesized that pYap could be important in the process 
of ciliogenesis.   
Our data from the wild type mTEC ALI cultures indicated Yap as necessary for 
the differentiation of a ciliated cell through possible transitional zone protein interactions 
was consistent with the in vivo observations collected from the YapcNull tissue at E17.5 
that show the absent ciliated cell lineage, yet goblet cell metaplasia was clearly identified, 
as well as some markers of the secretory lineages, indicating a strong possibility for pYap 
to function in the process of ciliogenesis.  
 To understand the functional consequences of Yap during the differentiation of 
the adult basal cell, we designed experiments, which used lenti viral gene transduction to 
modify Yap expression in mTEC cells cultured in ALI conditions.  Two lenti viruses 
were designed for gain-of-function experiments that could over-express a flag tagged 
wild type Yap (WT-YAP), or a flag tagged mutated Yap refractory to Lats-induced  
phosphorylation (5SA-Yap) (Bin Zhao et al., 2007).  Cells were isolated and transduced 
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with the Lentivirus carrying FLAG-tagged versions of a WT or 5SA-Yap and allowed to 
grow and undergo differentiation in culture.   
Immunofluorescence analysis with antibodies for FLAG and various cell fate 
markers indicated key differences in cells expressing 5SA-Yap or WT-Yap.  In the 
undifferentiated state (day 0) marked by Krt5 expression, 5SA-Yap was nuclear (Fig. 
16B) and WT-Yap was initially present in both compartments (Fig. 16A).  By day 6 of 
ALI-culture, cells transduced with WT-Yap exhibited cytoplasmic Yap, similar to 
endogenous Yap, and was identified in several Foxj1-labeled cells (Fig. 16C). By 
contrast, 5SA-Yap transduction led to prominent nuclear Yap and no overlap with Foxj1 
expression (Fig. 16D), indicating that nuclear Yap prevented differentiation of these 
progenitor cells. 
 Interestingly, although Yap-WT cells committed to a ciliated cell program, 
ciliogenesis was severely impaired, as shown by the nearly absence of a-Tub-labeling in 
WT-Yap-expressing cells (Fig. 16E-F). No Scgb3a2 expression was found in either 5SA 
or WT-transduced cells, indicating disruption of secretory cell differentiation by high 
Yap expression (Fig. 16G-H).  The data suggested that maintaining high levels of Yap 
even if properly targeted to the cytoplasm interferes with differentiation. Thus, proper 
differentiation requires regulation of both subcellular compartmentalization and precise 
control of the levels of Yap. After 8 days in culture, the 5SA-Yap gene transduced 
samples began to lose normal   
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Figure 16:  Proper Yap regulation critical for the 
differentiation of airway epithelia cells in culture.   
(A-I) Lentiviral gene transduction of adult airway progenitors 
transduced at the time plating with CMV-Flag-WT-Yap (A,C,E,G) 
or a CMV-Flag-5SA-Yap mutant (B,D,F, H). Double IHC using 
antibodies against Flag (arrowheads) and a cell type marker in 
cultures prior to differentiation (ALI day 0: A-B) shows WT-Yap 
in both nucleus and cytoplasm of Krt5-labeled cells while 5SA-
Yap is restricted to the nucleus. At day 6 WT-Yap (C,E,G) shows 
anti-Flag signals predominantly in the cytoplasm and express Foxj1 
but not a-Tub or Scgb3a2 while day 6 5SA-Yap (D,F, H) shows 
anti-Flag signals in the nucleus of cells expressing none of the 
differentiation markers 
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Together, overexpression of Yap in the mTEC ALI culture system appears to 
expand the progenitor population early on yet does not have the capacity to sustain the 
expansion post induction of ALI.  Interestingly, its role in differentiation is not 
significant.  This indicates that even though high levels of Yap exist in the cell, there are 
mechanisms that exist and can compensate for the increased expression and allow for the 
proper distribution of cells types found in the trachea as well as their differentiation 
capacity. 
To support our gain of function experiments, we used ShRNA for Yap as well as 
our genetic knockout (lenti transduced Efa-Cre in YapF/F mTEC) in our ALI system to 
assess the loss of function Yap phenotype during differentiation.  The shRNA Yap 
knockdown experiments showed a clear halt in differentiation, with expansion of Krt5 
expression after 6 days in culture (Fig. 17A).  Ciliogenesis, assessed by alpha-tubulin 
staining, was unable to proceed in the absence of Yap expression (Fig. 17B), yet we did 
not see significant change in the secretory lineage (Fig. 17C).   
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Figure 17:  Yap expression is critical for basal cell differentiation in culture 
Immunocytochemistry on day 6 mTEC ALI cultures infected shRNA specific for Yap 
stained for (A) Krt5 (red) and Yap (green) (B) acetylated a-tubulin (red) and Yap 
(green) (C) Scgb3a2 (red) and Yap (green).  Image quantification was performed 
comparing areas of knockdown with neighboring uninfected regions.  Overall 
fluorescence was quantified and graphed.  (n=6, p<0.05 marked with *, p<0.01 marked 
with **).  (D) Disruption of Yap through lentiviral gene transduction of Ef1a-Cre in 
cultured airway epithelial progenitors from adult Yap f/f tracheas leads to decreased 
expression of Foxj1, Scgb3a2 and Muc5ac compared to WT cultures. (E) a-Tub 
(green)/Cre (red) double IHC and confocal analysis (x/z axis) of day 8 Yap f/f cultures 
infected with Ef1a-Cre show impaired formation of multicilia in cells expressing Cre 
recombinase (compare with abundant a-Tub-labeled cilia in Cre-negative cell). 
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Using our defined genetic knockout approach (YapF/F primary basal cells infected with 
E1a-Cre) we were able to get very efficient and stable knockout of Yap in mTEC ALI 
cultures.  Using a qRT-PCR we identified that Yap deficient cultures appeared unable to 
differentiate even after many days in culture.  A significant reduction in the levels of 
Foxj1, Scgb3a2, and Muc5ac were found in the E1a-Cre infected YapF/F cultures. 
 While informative, interpretation of these experiments was limited by the 
presence of both endogenous and exogenous Yap and the potential non-physiological 
effects of exogenous Yap. Thus we took a similar approach to prevent serine 
phosphorylation of endogenous Yap in these cells using lentiviral-mediated inhibition of 
the Hippo pathway kinases Lats1 and Lats2. Airway epithelial progenitors were 
transduced with lentivirus that expresses control shRNA or shRNA that targets either 
Lats1 alone or both Lats1 and Lats2. IHC of Yap in day 6 cultures transduced with the 
UBC-shLats1/2 construct showed strong Yap staining in the nucleus, as expected (Fig 
18A) (Hao et al., 2008), contrasting with the largely cytoplasmic Yap of day 6 controls 
(Fig. 20A). qRT-PCR analysis confirmed the decrease in Lats1 and Lats2 expression as 
well as the decrease in Foxj1 mRNA.  Levels of Yap or Trp63 transcripts were unaltered 
suggesting that the phenotype in unlikely to involve major changes in Yap stability or 
changes in the progenitor cell pool. Remarkably, we observed a major increase in Sox2 
expression (Fig. 18B). Such observations are consistent with our previous data, linking 
Yap to the transcription of Sox2 in vivo. However, sustained nuclear Yap, as in the 5SA-
YAP cultures, maintains high levels of these targets thereby preventing differentiation. 
  
99 
Indeed, studies in Sox2-GFP mice show enriched expression in phenotypically immature 
basal cells in the adult epithelium of various origins (Arnold et al., 2011).  
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Figure 18:  Lats1/2 kinases regulate Yap phosphorylation status 
in mTEC ALI Cells critical for differentiation 
(A) Confocal analysis of immunofluorescent staining for Yap in day 
6 control or shLATS1&2 RNA. (B) qRT-PCR of control cultures 
compared to UBC-shLats1 or shLats1&2 for Lats1, Yap, Trp63, 
Foxj1, and Sox2. (n=3; +/- SEM) 
Scale bar, 25 mm  
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CHAPTER FIVE 
Discussion 
Developmental biology has led the way for the stem-cell research that is trying to 
create tissues and organs for transplant to eradicate congenital diseases such as CF, with 
no threat host graft of rejection.  Recently, the understanding of developmental biology 
has defended the protocols in place for stem cell differentiation.  For example, 
developmental studies have identified Activin and Wnt in the formation of the ventral 
foregut endoderm, and these growth factors are used to differentiate the embryonic stem 
cells into the early lung precursors.  The cellular signaling events defined through 
developmental biological studies for lung morphogenesis and differentiation during 
embryonic development are the road map for future stem cell researchers and ultimately 
impact many people suffering from chronic diseases such as COPD, emphysema and CF.  
Stem cell and developmental researchers lately have been interested the Hippo 
Pathway for its role in progenitor biology.  The Hippo pathway has been classified as 
regulating growth and signaling pathways in response to the cellular density.  Activation 
of this pathway has been difficult to define, but the core pathway has been identified as a 
cascade of kinases that phosphorylated two proteins that regulated the transcriptional 
output of the cell.  Interestingly, this pathway has been shown to interact with 
components of Wnt, and Tgf both of which have been described in lung development 
and morphogenesis. 
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Hippo-Yap as a Fine-tuning Mechanism for Developmental Signaling 
The data presented in this dissertation demonstrates novel roles for the Hippo 
pathway effector molecule Yap in the morphogenesis and differentiation of the airway 
epithelial progenitors in the developing and adult lung.  The data show the function of 
Yap as critical for branching morphogenesis and acquisition of the cellular phenotypes 
found in the airway epithelium.  We suggest that Yap has a function in ciliogenesis 
largely through its association with ciliary gate proteins located at the base of the cilium.  
Take together it is clear that Yap is an important mediator of lung development. 
 We show here for the first time the importance of Yap subcellular localization in 
patterning the lung epithelium.  The observations are consistent with recent studies 
showing the importance of Yap localization in other  organs, such as the skin and 
intestine (Cai et al., 2010; Zhang et al., 2011). A unifying feature of this mechanism in 
the organs above is that, nucleocytoplasmic shift of Yap allows progression of epithelial 
progenitors from a high to a less proliferative more differentiated state. 
 The process of airway development and branching morphogenesis requires 
multiple signaling pathways either stimulating growth or inducing differentiation.  In the 
lung, Fgf10/Wnt stimulates the outgrowth of the distal epithelium, while Tgf signals 
foster the differentiation into the proximal lineages.  Taz/Yap have been shown to 
directly interact with both of these pathways in other biological systems.  
Yap was shown to down regulate the Wnt pathway through physical interactions 
with the Disheveled 2 protein (Dvl2).   Dvl2 was initially identified in the canonical Wnt 
pathway as possessing the capacity to block degradation of b-Catenin allowing for its 
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translocation into the nucleus to start Wnt-dependent gene transcription.  Recently, Dvl2 
protein was shown to locate in the nucleus and correlate with enhanced canonical Wnt-
related transcription.  Interestingly, without Yap present in the colonic epithelium, Dvl2 
proteins can become deregulated and lead to an expansion of the progenitor 
compartment, at the cost of the forming crypt.  In this system, phospho-Yap was shown 
to bind to Dvl and inhibit its enhancer function for Wnt-transcription through 
sequestration of Dvl2 in the cytoplasm. 
This relates to the observations made in the lung during early branching 
morphogenesis.  With Wnt signaling maintaining the distal lung bud status, we would 
expect to find a hyper active Wnt signal to inhibit differentiation of the YapcNull airway 
epithelium.  We examined this possibility by looking for active Wnt signaling through 
expanded transcription of Axin2.  In the YapcNull tissue, ISH for Axin2 did not show any 
hyper activity of Wnt signaling in the epithelium of the YapcNull.  Instead, only patches of 
the YapcNull epithelial layer demonstrated Axin2 transcription.  This differed greatly from 
the distal lung buds of the wild type that expressed consistent and elevated Axin2 
transcription.   
To confirm hyperactive Wnt was not the determining  reason for the YapcNull in ability for 
form proximal lineages, we cultured YapcNull lungs in the presence of Wnt agonist 
Dickkopf-1 (DKK1) (De Langhe et al., 2005). We found that DKK1 was unable to 
reverse the YapcNull phenotype, suggesting that hyper-activation of Wnt signaling was 
unlikely the primary defect causing this phenotype. 
 Taz has been studied in the developing embryo, where Tgf signaling regulates 
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early cell fate decision.  Ligand-depend Tgf signaling, produces a Smad2/3/4 
heterodimer complex that translocate from the cytoplasm to the nucleus and regulates 
gene transcription.  In this system, Taz was shown to bind to the Smad2/3/4 complex and 
shuttle the complex into the nucleus.  Loss of Taz leads to loss of Tgf -dependent gene 
transcription (Varelas et al., 2008).  In our branching morphogenesis model, Tgf signals 
are important for the induction of the proximal cell fate to generate the airway air 
epithelium (Kaartinen et al., 1995).Our data strongly suggested that Yap-deficient airway 
epithelial progenitors are refractory to exogenous TGF1 and consequently, unable to 
respond to the Tgf patterning cues. Thus, endogenous Yap works in concert with Tgf 
during induction of the airway progenitor cell fate program, possibly through a 
mechanism that involves Yap-Smad2/3/4 nucleocytoplasmic shuttling.  
We have demonstrated that the defective proximal cell fate program in the 
YapcNull is associated with the inability to properly induce Sox2. Deletion of Yap results 
in reduced Sox2 levels, whereas enhanced nuclear Yap levels promotes Sox2 expression. 
It is intriguing that nuclear Yap only overlaps with Sox2 in a very limited region where 
Tgf signals appear to be available and active, as marked by the strong expression of the 
Tgf -induced target Tgf in the local mesenchyme. Tgf is a strong activator of Sox2 in 
the airway as per our lung explants experimental data.  This suggests that an intermediate 
cell type may exist in the junction between the distal lung bud and the classically defined 
airway progenitors.  This new intermediate cell type, nuclear Yap positive and Sox2 
positive, would presumably be necessary for the formation of the entire conducting 
airway.  
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Taken together, the interactions between Taz/Yap and Wnt and Tgf, lead us to 
believe that the Hippo pathway is necessary for the fine-tuning of these pathways during 
lung development.  Disruption of Yap or Taz appears to skew the signaling promoting the 
expansion of the compartment with the distal progenitors.  Our data support a model in 
which nuclear Yap-Tead complexes cooperate with Tgf -induced signals to activate a 
transcriptional program that includes Sox2 to induce airway epithelial cell fate. 
Consistent with this model, Tead transcription factors reside at the Sox2 promoter, and 
recent data show that Yap, Tead, and Smads assemble into functional transcriptional 
complexes (Beyer et al., 2013). 
 Interestingly, loss of Sox2-expressing airway progenitors and disruption of 
branching morphogenesis have recently been reported in mice deficient in histone 
deacetylases 1 and 2 (Hdac1/2) in the developing lung epithelium (Wang et al., 2013). 
The phenotypes in these mice resembled those in the YapcNull lungs but, unlike Yap-
deficient lungs, Hdac1/2 mutants exhibit strongly enhanced Bmp4 expression and 
increased apoptosis. Our data suggest that the distal epithelial progenitors deficient in 
Yap are still able to respond to signaling cues from the mesenchyme for induction of 
distal buds, which typically express Sox9, Sfptc, and Bmp4. Thus, our observations 
suggest that despite similar defects in developmental progression, Yap directs alternative 
signals to those of Hdac1/2.  
Speculating Hippo-Yap Signaling in Ciliogenesis 
While using our repopulation mTEC ALI model to understand the role of Yap in 
differentiation, we observed an interesting cytoplasmic pattern for Yap in the ciliated 
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cells.  This pattern of Yap was confirmed that of p-Yap serine 121 (mouse ortholog of 
Yap serine 127) and was localized to the transitional zone of the cilia.  Formation of a 
multiciliated cell relies on proper apical-basal polarity and regulation of the centrioles.  
The transitional zone, or ciliary gate, of the cilia, as it is known to contain molecules that 
function in the establishment of apical-basal polarity of the cell and centriole 
biogenesis/docking. 
 Yap subcellular localization has been characterized as being controlled by polarity 
complexes, such as Crumbs (Crmbs) (Ling et al., 2010) and Par1b (Huang et al., 2013).  
Crmbs is apical adapter protein that has been linked Yap subcellular localization through 
Ex mediated Hippo signaling.  Also genetic disruption of Crmbs in Drosophila possess 
similar characteristics of that of the Hpo mutants, with over proliferation of the imaginal 
disk (Chen et al., 2010). Faulty regulation of Crumbs also showed downstream effects 
that appear Yap transcriptionally dependent.  
 The link between the Hippo pathway components and centriole biogenesis has 
been described by the Hemming’s Lab.  Centriole duplication is critical for proliferation 
as well as for formation of the basal bodies during ciliogenesis.  Interestingly, Mst1 and 
Mob1 have been shown to directly regulate the Nuclear Dnf2-Related (NDR) -kinase 
interactions with centriole component Spindle Assembly Abnormal Protein 6 homolog 
(SAS-6) (Hergovich et al., 2009).  The functions of these molecules rely on a scaffolding 
protein known as hSav1.  This is the same scaffold protein complex that phosphorylates 
Yap after activation of the Hippo pathway.  
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 The docking and extension of the basal body to the apical membrane has been 
described by the Leurox lab.  Interestingly the duplication of the centriole, previously 
described, as being Hippo pathway-dependent, is the initial step in the process of basal 
body docking.  The docking process here is shown to be Meckel-Gruber syndrome 
(MKS) and Nephronophthisis 4 (Nphp4) dependent (Williams et al., 2011), both proteins 
found through human genetic screens of patients with ciliopathies MKS and BBS.  
Interestingly, further studies have shown the ability of Nphp4 to regulate the activity of 
Lats, thereby controlling the phosphorylation status of Yap.  Both gain and loss of 
functions studies for Nphp4 have been accomplished in cell lines, which show that Lats-
dependent Yap phosphorylation is enhanced with the presence of Nphp4 (Habbig et al., 
2011).  
Having identified physical interactions between the transitional zone E3 ligase 
Trim32 brings about a potential mechanism for Yap function in ciliogenesis.  Trim32 has 
been identified in the transitional zone of the multiciliated cell, and data in this 
dissertation has demonstrated its localization with pYap at the base of the cilium as well 
as the physical interactions identified through mass spectrometry.  Trim32, also known as 
BBS11, functions at the ciliary gate, and is critical for the proper IFT regulation 
(Williams et al., 2011).  More detailed analysis of this this mechanism in ciliogenesis will 
be required and is beyond the scope of this thesis.  Instead we can only speculate that 
Hippo-Yap signaling is a central part of the biogenesis of the cilium, yet the mechanism 
of how remains unclear. 
  
109 
The fact that apical basal polarity activates Expanded, the centriole duplication is 
MTS1 / Mob dependent, and the transitional proteins involved in docking basal bodies 
during ciliogenesis regulate Lats functions is strong evidence for Yap as being a 
component of the maturation of the ciliated cell.  Take together there appears to be strong 
evidence that during ciliogenesis the activation of the Hippo pathway occurs and helps to 
regulation cilia formation.   
There is currently no report describing a similar nuclear-cytoplasmic shift in Taz 
localization in the developing lung. The roles of Taz appear to be restricted to the distal 
(alveolar) lung compartment (Mitani et al., 2009). TAZ is overexpressed and acts as an 
oncogene in non-small cell lung carcinoma (NSCLC). By contrast, Yap has been more 
consistently detected in the airway-derived Human Bronchial Epithelial (HEB) cells 
(Zhou et al., 2011b). A better understanding of the mechanisms regulated by TAZ and 
YAP is likely to provide important insights into the pathogenesis of human conditions 
affecting the airway and the distal lung. 
Future Directions 
 This dissertation has introduced new ideas about lung development, 
differentiation, as well as novel roles the Hippo pathway component Yap.  Though it is 
apparent that Yap is critical for the proper formation of the airway epithelium, the 
extension of this work will allow for a much more comprehensive understanding of the 
role for Yap in lung development and regeneration-repair.   
 One way to increase our understanding of the function of Hippo-Yap in the 
airway epithelium would begin using models of Hippo / Lats inactivation.  Mice are 
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available which contain doxycycline inducible expression of S127A Yap, the 
constituently nuclear Yap (Zhang et al., 2011). A matrix of developmental time points 
and dosing of these mice with doxycycline would allow for the researcher to discover the 
role of nuclear Yap during development.  From the published reports utilizing this 
animal, the hypothesis would be for an expansion of undifferentiated cells with decreased 
tissue organization.  Yet, with the genetic loss of function of Yap expanding the distal 
progenitor cells, this might not be the case.  Another possibility would be for the 
intermediary cell type, defined as nuclear Yap and Sox2 positive, found at the transitional 
zone between the distal bud and the conducting airway, might expand dramatically yet 
does differentiated into the cellular phenotypes of the conducting airway.   
  Using Yap F/F mice with different deleter Cre lines would help to increase the 
resolution of understanding of Yap function in specific cell types.  For example, the use 
of a Foxj1-Cre crossed with a YapF/F animal would allow for the proper morphogenesis 
of the lung yet might block the ability of the animal to form cilia.  This would be also be 
interesting if one could engineer a mouse that has a knockout of Lats in the Foxj1- 
lineage.  Presumably, this and the Yap knockout would have similar disrupted 
ciliogenesis, yet the Lats knockout may induce ectopic expansion of the ciliated linage. 
 The role of Yap in the secretory linage is the most complex.  The observations 
within this linage appear to be dynamic and ever changing.  Through further mouse 
models, including the Cc10-Cre and Yap F/ F mice, one could identify the role of Yap in 
the differentiation of the Clara cell linage. This in combination with the Foxj1-Cre study, 
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would demonstrate nicely the in vivo function of Yap in of differentiation of the airway 
epithelium during development.    
 For a deeper understanding of the function of Yap during lung development, one 
would have to characterize the biochemical interactions that occur in the cytoplasm and 
allow for the differentiation of a basal cell into the secretory and ciliated lineage.  
Interestingly, data presented here demonstrated a halted differentiation with the knock 
down or knockout of Yap in the mTEC ALI cultures.  The question is how?  One should 
examine in depth the role that Trim32 and pYap interactions have during differentiation 
of mTEC ALI cultures through classical biochemical techniques, gain and loss of 
function studies for Trim32 during mTEC ALI conditions, proteomic analysis of the 
binding sites for Trim32 and Yap identifying the motifs necessary to modulate their 
interactions. 
 The culmination of this line of inquire would be in the alteration of Yap status to 
help direct the differentiation of inducible pluripotent stem cells (iPS) or embryonic stem 
cells (ES).  This exciting area of science is rapidly expanding with great therapeutic 
capabilities.  The ability to perform directed differentiation of an iPS or ES cell into the 
different germ layers and ultimately different cell types, will allow for allosteric 
transplantation, with zero chance of rejection.  The major hurtle that is impeding progress 
for the stem cell field is the inefficiency of the differentiation protocols.  Currently, the 
road map for differentiation is through developmental biology, yet we learned from this 
thesis that each of the majority developmental pathways is fine-tuned through the Hippo 
pathway and more specifically Yap.   
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 If we could alter the phosphorylation status of Yap in a temporal fashion, we 
could fine tune the developmental signals and create more efficient differentiation 
protocols.  To accomplish this, one would need to create iPS cells with the ability to alter 
the Yap status.  For example, a doxycycline responsive RTta-Cre with the Yapf/f allele, 
or the RTta-S127A-YAP allele, would allow for the temporal removal or nuclear 
activation of Yap respectively.  Tools, such as these, could be used with the current 
protocols and Yap activity could be controlled simply with the addition of Doxycycline.  
It is possible that Yap is relegated to the nucleus, thereby decreasing the sensitivity of the 
cell to Wnt or Tgf signals but when the addition of Doxy to the Rtta-S127A- Yap ES 
line, sensitive would be upregulated dramatically and allow for more efficient 
differentiation. 
 In conclusion, this work has used a basic developmental biology approach to 
better understand the role of the Hippo pathway in lung development and the 
differentiation of the airway epithelial cell phenotypes.  This work is likely to have 
impact in future studies aimed at upstanding the mechanism of abnormal differentiation 
in lung disease such as CF, COPD and asthma.   
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MATERIALS & METHODS 
Animal Husbandry 
All animal studies were carried out with the approval of the Boston University 
Medical Campus Institutional Animal Care and Use Committee (IACUC). Mice were 
housed in the Laboratory Animal Science Center (LASC), an approved animal facility, 
and received regular veterinary care and husbandry.  
 
Mouse Models. 
 Developmental and adult expression studies were performed on CD1 mice (Charles 
River). Yap f/f mice were provided by Dr. Fernando Camargo (Harvard University). 
YapcNull mice were generated by crossing Yap f/f mice with YapF/+;Shh-Cre/+ mice. 
Genotyping of the Yap mutant mice was conducted as previously described (Zhang et al., 
2010). 
 
qRT-PCR. 
Quantitative real time (qRT)-PRC was performed as described previously (Guha et al., 
2012). RNA was extracted (RNAeasy kit; Qiagen) and reverse transcribed using 
Oligo(DT) primers (SuperScript III kit; Invitrogen). The following primers (Applied Bio 
systems) were used: Sox2 (mm00488369_s1), Lats1 (mm01191886_m1), Tgfbi 
(mm00493634_m1), Yap (mm01143263_m1), Trp63 (mm0495788_m1), Scgb1a1 
(mm00442046_m1), Foxj1 (mm00807215_m1), Krt5 (mm01305291_g1), Scgb3a2 
(mm00504412_m1) and b-Actin (control, 4352341E). PCR reactions were performed 
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using Taq-Man Fast Advanced Master Mix (Applied Biosystems, 4444556) and samples 
were analyzed on a Step-One Plus instrument (Applied Biosystems). 
 
In Situ Hybridization (ISH), Immunohistochemistry (IHC) and Imaging.  
(ISH) Embryonic and adult lungs were fixed overnight in 4% paraformaldehyde 
in PBS at 4 °C and processed for frozen sections. T7-linked and T3-linked gene-specific 
primers were used for PCR and subsequent riboprobe synthesis: Yap: Forward- 5’ 
AATTAACCCTCACTAAAGGGGTCTTTGAGTGCTTCTAGA 3’ Reverse- 5’ 
TAATACGACTCACTATAGGGTGGATCATCCATCTGCTCAA 3’; Bmp4 and 
Tgfbi(Chen et al., 2007) or biotin-UTP–labeled (Roche) riboprobes were synthesized 
(MAXIscript kit; Ambion) and hybridization was performed in 5-7 um sections as 
described previously (Guha et al., 2012) with the following modification in the 
concentrations of labeling reagents: DIG-UTP– labeled probes (0.2 ng/mL), alkaline 
phosphatase- conjugated anti-DIG antibody (Roche; 1:2,500), peroxidase- conjugated 
anti-DIG Fab fragment (Roche; 1:100–1:500). BM Purple (Roche) was used as a 
chromogenic substrate.  
(IHC) was performed using the following antibodies acetylated alpha-tubulin 
(Sigma;1:2,000), goat anti-Scgb1a1 (Santa Cruz; 1:1,500), and mouse anti-Foxj1 
eBioscience; 1:300),rabbit anti-Sox2 (AbCam; 1:100) goat anti Sox9 (R&D; 1:50), 
mouse anti-Yap (Santa Cruz; 1:100), rabbit ant-phospho-Yap (Cell Signaling 
Technologies; 1:50) retrieval before immunolabeling was performed with Low pH 
Antigen Unmasking Solution (Vector Laboratories,) in a microwave oven. We used 
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secondary antibodies conjugated to Alexa Fluor- 488, -568, or -647 (Invitrogen; 1:300). 
Images were acquired on a Nikon Labophoto 2 microscope equipped with a Nikon 
Digital Sight DS-Ri1 charge-coupled device camera or on a Zeiss LSM710 metaconfocal 
laser-scanning microscope. 
 
Digoxygenin-labeling of mRNA Probes for In Situ Hybridization 
1 μg RNA was reverse-transcribed to cDNA using the Superscript III First-Strand 
Synthesis Kit (Invitrogen) according to the manufacturer’s protocol.  The PCR product 
for the particular mRNA was then obtained and amplified using appropriate primers by 
PCR.  The product was confirmed by running a 1.5% agarose gel and the appropriate size 
band obtained.  The product was then purified with a 96-well Multiscreen plate 
(Millipore) and vacuum, then concentration obtained by NanoDrop.  300ng of the product 
was then used for digoxigenin labeling with the MAXI Script Kit (Ambion) according to 
the manufacturer’s protocol.  The product was purified as before, eluted in DEPC, 
concentration measured by NanoDrop and a 1.5% agarose gel was again run to confirm 
the appropriate product size with digoxigenin label.   
 
Harvesting of Mouse Lungs 
To harvest lungs for analysis, perfusion was carried out to clear blood from lungs 
by right atrium injection of 1 mL of PBS.  Left lung lobes were cut for RNA and protein 
isolation, while right lungs were inflated by cannulation of the trachea with 4% PFM 
(paraformaldehyde) at a constant pressure of 20 cm H2O, and used for subsequent frozen 
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and paraffin embedding and sectioning.   
 
Embedding of Mouse Lungs for Frozen Sections 
Tissues were fixed in 4% paraformaldehyde overnight at 4°C. Tissues were then 
rotated in 1X PBS for 30 minutes at 4°C, followed by 10% sucrose in 1X PBS for 1 hour 
at 4°C, then 15% sucrose in 1X PBS for 1 hour at 4°C, then 20% sucrose in 1X PBS for 1 
hour at 4°C, finally followed by rotation in a 1:1 ratio of 20% sucrose:OCT overnight at 
4°C.  Tissues were then embedded in a 1:3 ratio of 20% sucrose:OCT on dry ice and 
sectioned in 8-12 μm sections, followed by mounting on glass slides, air drying at RT 1-2 
hours and finally stored at -20°C.   
 
Embedding of Mouse Lungs for Paraffin Sections 
Tissues were fixed in 4% paraformaldahyde overnight at 4°C.  They were then 
rotated in 1X PBS 3 times for 20 minutes each at 4°C; followed by rotation in 0.85% 
NaCl 3 times for 20 minutes each at 4°C; then rotation in a 1:1 ratio of 
0.85%NaCl/100%EtOH for 1h at RT; and finally rotation in 70% EtOH overnight at 4°C.  
The tissues were then rotated in 85% EtOH for 1hr at RT; followed by 95% EtOH for 1hr 
at RT; then in 100% EtOH 3 times for 20 minutes each at RT; then in xylene 3 times for 
20 minutes each at RT; and finally in a 1:1 ratio of paraffin/xylene for 1.5h at 60°C; then 
paraffin for 45 mins at 60°C with vacuum; and finally paraffin for 45 mins with vacuum 
again.  The tissue was then sectioned in 8-12 μm sections, mounted on glass slides and 
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stored in 4°C.  
 
Whole-Lung Organ Cultures. 
 E11.5-12 embryos were dissected from YapcNull and lungs were cultured in BGjb 
medium (Invitrogen, 20 mg/100 ml ascorbic acid, 1% inactivated fetal calf serum), as 
described previously (Lu et al., 2004). Lung explants were cultured for 3 days with 
human recombinant TGF1 (5-20ng/ml, R&D Systems) or DKK1 (5-20μg/ml, R&D 
Systems). 
 
Whole-mount in situ hybridization (WMISH) 
WMISH was performed in a 96-well plate dishes as previously described (Lu et 
al., 2004; Wertz and Herrmann, 2000). Briefly, digoxigenin (DIG)-labeled riboprobes 
(Maxiscript kit, Ambion) were generated and amplified from plasmids carrying cDNA 
for the Sox2. Specimens were rehydrated, digested with proteinase K (Qiagen), 
prehybridized (1 hour, 70°C) in buffer containing 50% formamide, 5SSC, 1% donkey 
serum, 50 mg/ml yeast RNA and heparin followed by overnight hybridization with DIG-
labeled RNA probes, and another overnight incubation with anti-DIG alkaline 
phosphatase conjugate (Roche) at 4°C. Signal was visualized with BM Purple substrate 
(Roche Diagnostics). 
 
Isolation and culture of mouse adult airway progenitor cells in air-liquid interface 
(ALI): 
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Primary airway progenitor cells were isolated from adult mouse tracheas and 
cultured as previously detailed (You et al., 2002). Briefly, 6 –10 week old C57bl-6 or 
Yap f/f genotypes were selected and tracheas were removed and digested overnight at 
4°C in pronase solution. Airway epithelial progenitors (basal cells) were separated from 
other cells by differential adhesion and expanded in culture in collagen-coated Transwell 
plates (Costar) using mTEC-Plus media for 7-10 days until reached confluence. At 
confluence, media was changed and cells were cultured in mTEC-Serum Free medium. 
An air-liquid interface was created by removing media from the upper chamber (day 0) 
and cells were harvested at up to day8. 
 
Lentivirus production and concentration: 
Recombinant Lentiviruses were made as previously described (Bin Zhao et al., 
2007; Varelas et al., 2010) by Lipofectamine transfection of 50% confluent 293T cells 
with lentiviral transfer vector, packaging plasmid pAX2 DNA, and pMD2G-VSVG 
envelope plasmid DNA. Transfer vectors used were: pLKO.1 shCTL, pLKO.1 shLats1/2, 
pLVX-Puro CTL, pLVX-Puro 3F- Yap5SA, and pHAGE EF1a-Cre. The recombinant 
viruses were harvested by collecting the media at least 48h post-transfection and 
concentrated by ultracentrifugation. 
 
RNA Isolation from Mouse Lung 
Total RNA samples were isolated using Trizol (Invitrogen).  Briefly, cells were 
lysed directly in the culture dish with Trizol and transferred to Eppendorf tubes.  
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Chloroform was applied for phase separation and the mixture was vortexed and 
centrifuged at 12,000 X g for 15 minutes at 4°C.  The upper aqueous phase containing the 
RNA was transferred to fresh Eppendorf tubes.  The RNA was precipitated with 
isopropyl alcohol, the mixture incubated at room temperature (RT) for 10 minutes and 
centrifuged at 12,000 X g for 10 minutes at 4°C.  Supernatant was then removed and the 
RNA pellet washed with 75% ethanol by vortexing and centrifuging at 12,000 X g for 5 
minutes at 4°C.  Supernatant was again removed and the pellet briefly dried.  RNA was 
dissolved in DEPC water and concentration measured by NanoDrop.  Similar methods 
are used to isolate RNA from lung culture. 
 
Protein Preparation from Cell Culture 
Lane marker reducing sample buffer 5X (Thermo Scientific Pierce Protein) was 
diluted to 1.5X with sterile water.  Cells were washed 3X in cold PBS and approximately 
200 μL per 6-well of 1.5X lysis buffer applied to cells.  A cell lifter (Corning Costar) was 
used to mix and lyse the cells, which were subsequently transferred to Eppendorf tubes.  
Cells were centrifuged at 8,000 X g for 1 minute at RT, heated for five minutes at 95°C, 
cooled on ice for 2 minutes and finally centrifuged at 8,000 X g for 1 minute.    
 
Western Blot 
Cell material was collected with lane marker reducing sample lysis buffer 
(Thermo Scientific). Proteins were resolved on Tris-Glycine SDS 10% polyacrylamide 
gels, transferred to PVDF membranes using the iBlot dry blotting system (Invitrogen), 
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and blocked with 5% nonfat dairy milk in Tris-buffered saline (20mM Tris, 150mM 
NaCl, pH 7.4) with 0.1% Tween-20 (TBST).  Primary antibodies were diluted in 5% non-
fat milk/1X PBST, and membranes were incubated with antibody mixtures overnight at 
4°C. Membranes were then washed 3 times for 10 minutes each in TBST.  HRP-
conjugated secondary antibodies (Bio Rad) were diluted in 5% non-fat milk/1X PBST 
and incubated for 1 hour at room temperature. Membranes were again washed three times 
in TBST and blots were developed using Immuno-Star HRP Peroxide Buffer and 
Luminol/Enhancer (BioRad).  Proteins were detected and analyzed with LAS-4000 
Luminescent Image Analyzer and Multi Gauge v. 3.1 software (Fuji-Film).  Primary 
antibodies include α-SMA (Sigma) and KLF4 (Obtained from Dr. Chen at Boston 
University School of Medicine).  GAPDH (R & D Systems) was used as loading control. 
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